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Climate change favors rice production at higher elevations in Colombia 1 
 2 
Abstract 3 
Rice (Oriza sativa) feeds nearly half of the world’s population. Regional and national studies in Asia 4 
suggest that rice production will suffer under climate change, but researchers conducted few studies for 5 
other parts of the world.  This research identifies suitable areas for cultivating irrigated rice in Colombia 6 
under current climates and for the 2050s, according to the Representative Concentration Pathway (RCP) 7 
8.5 scenario. The methodology uses known locations of the crop, environmental variables and maximum 8 
entropy and probabilistic methods to develop niche-based models for estimating the potential geographic 9 
distribution of irrigated rice. Results indicate that future climate change in Colombia could reduce the area 10 
that is suitable for rice production by 60 percent, from 4.4 million ha to 1.8 million ha. Low-lying rice 11 
production regions could be the most susceptible to changing environmental conditions, while mid-altitude 12 
valleys could see improvements in rice growing conditions. In contrast to a country like China where rice 13 
production can move to higher latitudes, rice adaptation in tropical Colombia will favor higher elevations. 14 
These results suggest adaptation strategies for the Colombian rice sector. Farmers can adopt climate-15 
resilient varieties or change water and agronomic management practices, or both.  Other farmers may 16 
consider abandoning rice production for some other crop or activity.   17 
Keywords: rice, crop modelling, climate change, GCM, suitability zones, crop area. 18 
Highlights 19 
- Fewer areas will be suitable for rice in Colombia in the future. 20 
- Area at higher elevations, such as the mid-altitude upper Cauca Valley are projected to be more 21 
suitable. 22 
- If competitive with other crops, rice could be developed in many suitable areas where presently it 23 




1. Introduction 28 
Half of the world’s population consumes rice, making it the most important food crop in the developing 29 
world (Seck et al. 2012). A constant supply of rice supports food security and societal stability in both rice-30 
producing and rice-consuming countries (Degiovanny et al. 2010; Godfray et al. 2010). 113 countries 31 
produce substantial amounts of rice. 26 countries in Latin American and Caribbean (LAC) produce 24 32 




































































million tons of rice on 5.9 million ha, equivalent to 4 percent of world production (FAOSTAT 2004; Sanint 33 
2010).  34 
Experts anticipate that climate change will have large impacts on rice and other crops. The most recent 35 
report of the Intergovernmental Panel on Climate Change (IPCC) suggests average global crop productivity 36 
will likely decline between 1 and 2.5 percent per °C of warming (Porter et al. 2014; Challinor et al. 2014). 37 
At the global scale, Zabel et al (2014) identified the climate change impact on geographic distribution for 38 
several crops, including rice. They projected that an area of 6.4 million km² would become unsuitable for 39 
agricultural production, and another 4.8 million km² would become marginally suitable for global 40 
agriculture, if adaptation measures are not widely adopted. At regional scale, David Lobell et al (2008) 41 
projected 10% yield reductions in rice in the Andean region in their study of climatic risk for 7 crops in 12 42 
regions of the world.   Based on the ORYZA crop model, Matthews et al (1997) projected yield reductions 43 
as high as 31% in Asia under a scenario where temperatures increase by 4°C temperature.   44 
At national scales, studies of rice and climate change have almost exclusively focused on Asian countries. 45 
Three studies have assessed the impact of climate change on rice in China. Zhang et al (2017) simulated 46 
the migration of rice and maize planting areas in China by analyzing movement of the geographic mean of 47 
rice production under current and future climate scenarios. They project the suitable areas for rice and maize 48 
to shift northward in the future, while the area suitable for irrigated cultivation will gradually increase, 49 
mainly in northwestern and northern China. Ye et al (2015) explored the influence of climate change on 50 
suitable rice cropping areas, rice cropping systems and crop water requirements during the growing season 51 
for historical (1951 - 2010) and future (2011 - 2100) time periods in China. Their results showed that the 52 
land areas suitable for rice cropping systems shifted northward and westward from 1951 to 2010.  Yao 53 
(2007) estimates large rice yield reductions in China, based on the CERES crop model.  54 
Paul Teng et al (2016) estimated rice yield reductions of 23%, 32% and 33% in Vietnam, Thailand and 55 
India, respectively. In one study of India, Auffhamer et al. (2012) show that climate change has already 56 
affected millions of rice producers and consumers and will continue to do so in the future. Only one study 57 
estimated that there would be yield increases for irrigated rice in India in the future (Aggarwal and Mall 58 
2002). Reilly et al (2003) estimate large yield reductions in the southernmost rice producing regions of the 59 
United States.  60 
The review of studies above shows the lack of research on the impacts of climate change on rice in Latin 61 
America.  Colombia lacks a study of this type, despite the importance of rice in the diet and expectations 62 
for significant climate change. This study – the first analysis of its type for a Latin American country – fills 63 




































































Colombian farmers cultivated 570,802 ha of rice in 2016, producing 5.7 million tons. Current production 65 
represents an increase compared to the previous two rice censuses, when national production was 2.8 66 
million tons on 493,237 ha in 1999 and 2.5 million tons on 400,451 ha in 2007 (FEDEARROZ 2008; 67 
FEDEARROZ 2016). Average yields rose from 5.7 tons ha-1 in 1999 to 6.2 tons ha-1 in 2007, falling back 68 
to 5.7 tons ha-1 in 2016 (FEDEARROZ 2008; FEDEARROZ, 2016). Nevertheless, Colombia remains 69 
among the Latin American countries with the lowest yields, lower than countries such as Peru (7.3 tons ha-70 
1) and Uruguay (7.1 tons ha-1), among others (GRISP 2013). Low yields and increases in per capita rice 71 
consumption led Colombia to import rice from countries such as Ecuador, Peru and the United States 72 
(DANE 2015; Pulver et al. 2008; Espinal et al. 2005; Tilman and Clark 2014). The increasing dependence 73 
on rice imports poses important challenges to Colombian food security, particularly in the context of climate 74 
variability and climate change (Porter et al. 2014; GFS 2015). 75 
 76 
Concerns about food security in Colombia raise the question of how climate change might affect national 77 
rice production into the future. Future rice production in the country will be determined by where the crop 78 
can be grown and by productivity at any given place. However, the government and private sector lack 79 
information on  projected climate change impacts, limiting their ability to adapt. Existing studies consider 80 
the impacts of climate change on rice and other crops at global or regional level. But these studies lack the 81 
spatial resolution needed to assess conditions within a climatically diverse country such as Colombia (Zabel 82 
et al. 2014; Ramankutty et al, 2002; Lane and Jarvis 2007). Global and regional studies also suffer from 83 
lack of detail with respect to national level databases on crop distribution and crop response to climate. The 84 
two national studies in China mentioned above occur where production can move to higher latitudes.  85 
Colombian rice production can move to higher altitudes but not to latitudes outside of the tropical zone.  86 
This paper estimates the impact of climate change on irrigated rice distribution in Colombia. The study asks 87 
where irrigated rice crops will be grown (shifts in geographic areas) in the future. Our method maps and 88 
compares the current and expected future (2040–2069) rice suitability. The study projects future climatic 89 
conditions for rice to understand suitability for any given area in the future. This research is the first detailed 90 
study on rice with national coverage for Colombia.  While our analysis and recommendations are specific 91 
to rice at Colombia, the concept and methodology are relevant and applicable to other crops in other regions. 92 
Our methodological approach shows how to explore the need for adaptation where planning requires a 93 
national or local response to rural development under climate change.  94 
The following section describes Colombia’s major rice growing regions and production systems, the 95 
relevant variables considered in the analysis and the development of habitat suitability models. Next, the 96 




































































variable-specific response curves to infer how rice responds to key environmental changes. These results 98 
are discussed in the context of adaptation needs in the rice sector and potential strategies for adapting to 99 
changing climate. We also present results of models based on climate variables alone, and those based on 100 
added socioeconomic variables. This comparison allows us to evaluate whether socioeconomic variables 101 
influence the spatial distribution of rice in Colombia. If so, then future projections based on biophysical 102 
variables alone may neglect farmer’s ability to shift production. Finally, the paper discusses needs for 103 
improved methods and for future research on climate change impacts and adaptation.  104 
 105 
2. Materials and methods 106 
2.1. Study area 107 
The study area coincides with rice regions of Colombia according to the National Rice Federation’s 108 
(FEDEARROZ for its abbreviation in Spanish) 2007 rice census (FEDEARROZ 2008). FEDEARROZ 109 
defines the five major rice regions as the Eastern Plains, the Central Region, the North Coast, the Santander 110 
region and the Lower Cauca (Figure 1; Appendix A1 shows the names of Colombian departments in each 111 
region). The modeling work excluded national parks, national protected areas and private nature reserves.  112 
 113 
Figure 1. The five rice regions of Colombia – Lower Cauca, Santander region, North Coast, Eastern 114 
Plains and Center region – and the location of presence data used for modeling irrigated rice (black 115 
triangles). Also shown are protected areas (RUNAP), nature reserves (RNSC) and national parks (PNN). 116 
2.2. Presence and absence data used for modeling 117 
The analysis employs a database of 359 locations of irrigated rice on farms, from a 2014 FEDEARROZ 118 
phytosanitary monitoring exercise across the five rice regions of Colombia (Figure 1).  The presence points 119 
were overlaid on a map of the rice regions and validated using Street View photos in Google Earth. The 120 
method eliminated all points within 1 km of each other in order to reduce spatial autocorrelation. The 121 
analysis developed a randomly generated dataset of pseudo-absence locations to characterize the 122 
“background” environment of the study area. These are places where the model assumes there is no rice, 123 
providing a point of comparison with known locations of the crop.  A ratio of 10 to 1 of pseudo-absence 124 
locations to presence locations was used to reduce excess adjustment bias (over-fitting) and to maintain the 125 
capacity to discriminate between areas of presence and absence (Barbet-Massin et al. 2012; Smith et al. 126 
2013). 127 
 128 




































































Our study selected variables for inferring suitability based on literature review and consultation with experts 130 
(Table 1).  The WorldClim dataset provided the basis for including a range of climatic variables in the 131 
analysis (Hijmans et al. 2005, current climate data available from http://www.worldclim.org). WorldClim 132 
is a collection of raster datasets reporting monthly climatic averages for the period 1950 to 2000 for total 133 
precipitation and for maximum, minimum and mean temperature. Meteorological station data forms the 134 
basis of WorldClim climate surfaces, developed using the surface thin plate spline method, with elevation, 135 
longitude and latitude as co-variables. These variables describe climatological mean temperature and 136 
precipitation characteristics over 12 months of the year. Other studies found these variables to be useful for 137 
characterizing the geographic distribution of species in natural (Warren et al. 2013) and managed systems 138 
(Laderach et al. 2016). From these monthly climate surfaces, the WorldClim data set includes 19 139 
bioclimatic variables (Table 1). The Climate Change and Agricultural Food Security (CCAFS) website 140 
provided future bioclimatic data downscaled from IPCC general circulation models (GCM) from the fifth 141 
report of the IPCC (IPCC 2013, future climate projections available from http://www.ccafs-142 
climate.org/data_spatial_downscaling/).  143 
The method derives elevation and slope variables from the Shuttle Radar Topography Mission (SRTM) 144 
data at 90 m resolution (Jarvis et al. 2004). The elevation and slope data were resampled to 1 km spatial 145 
resolution for consistency with WorldClim and soil grids. The International Soil Reference and Information 146 
Center (ISRIC) provides soil texture information in raster format, also at 30 arc second spatial resolution 147 
(available from http://www.soilgrids.org; Hengl et al. 2014). These data include percentage content of clay, 148 
silt and sand at depth. The analysis applied 28 variables compiled from the datasets described above, of 149 
which 23 describe climatic conditions.  19 variables describe the standard bioclimatic indices from 150 
WorldClim, and four correspond to accumulated precipitation and average temperatures during the rice 151 
growing seasons (April – June and August – October).  152 
 153 
Table 1. Variables used for ecological niche modeling of irrigated rice in Colombia, with variance 154 
inflation factors (VIF) for identifying redundant variables. 155 
Variabl
e 
Variable Name VIF Source*** 
Altitude altitude 59.2 Norman et al., 1995 
bio 1 Annual Mean Temperature 460.9 
Yoshida 1981, Vargas 
1985 
bio 10 Mean Temperature of Warmest Quarter 134.4 
Yoshida 1981, Vargas 
1985 
bio 11 Mean Temperature of Coldest Quarter 185.1 





































































bio 12 Annual Precipitation 385.9 
Yoshida 1981, Vargas 
1985 
bio 13 Precipitation of Wettest Month 85.8 
Yoshida 1981, Vargas 
1985 
bio 14 Precipitation of Driest Month 5.04 
Yoshida 1981, Vargas 
1985 
bio 15 
Precipitation Seasonality (Coefficient of 
Variation) 
16.13 
Yoshida 1981, Vargas 
1985 
bio 16 Precipitation of Wettest Quarter 393.4 
Yoshida 1981, Vargas 
1985 
bio 17 Precipitation of Driest Quarter 15.53 
Yoshida 1981, Vargas 
1985 
bio 18 Precipitation of Warmest Quarter 28.1 
Yoshida 1981, Vargas 
1985 
bio 19 Precipitation of Coldest Quarter 7.8 
Yoshida 1981, Vargas 
1985 
bio 2 
Mean Diurnal Range (Mean of monthly (max 
temp - min temp)) 
336.3 
Yoshida 1981, Vargas 
1985 
bio 3 Isothermality (Bio 2/Bio 7) (* 100) 199.7 
Yoshida 1981, Vargas 
1985 
bio 4 
Temperature Seasonality (standard deviation 
*100) 
4.93 
Yoshida 1981, Vargas 
1985 
bio 5 Max Temperature of Warmest Month 12.3 
Yoshida 1981, Vargas 
1985 
bio 6 Min Temperature of Coldest Month 362.3 
Yoshida 1981, Vargas 
1985 
bio 7 Temperature Annual Range (BIO5-BIO6) 3.16 
Yoshida 1981, Vargas 
1985 
bio 8 Mean Temperature of Wettest Quarter 3.9 
Yoshida 1981, Vargas 
1985 
bio 9 Mean Temperature of Driest Quarter 114 
Yoshida 1981, Vargas 
1985 
clay 3 Clay 1.53 León & Arregoces 1985 
prec 4 5 
6 





Precipitation 8-9-10 7.94 
Grenier, personal 
communication 
sand 3 Sand 184.4 León & Arregoces 1985 
silt 3 Silt 21.27 León & Arregoces 1985 
slope Slope 1.97 León & Arregoces 1985 
temp 4 
5 6 





Temperature 8-9-5 314.6 
Grenier, personal 
communication 
***This column contains references to sources of information that emphasize the importance of these 156 






































































The analysis used downscaled General Circulation Model (GCM) data from the CMIP5 ensemble 160 
(Appendix 2). The method employs downscaled monthly climate data for 32 GCMs, representing the period 161 
2040–2069 (i.e. 2050s) for the Representative Concentration Pathways (RCP) 8.5 scenario (Taylor et al. 162 
2012). The RCP 8.5 scenario is the closest to our current emissions trajectory, providing the worst-case 163 
scenario where adaptation effort (our interest in this study) is likely to be significant compared to mitigation 164 
(O’Neill et al. 2014). The approach required downscaling GCM data using the delta method, widely used 165 
in climate change impact studies to correct for biases in the climatological averages (Ramirez-Villegas and 166 
Jarvis 2010; Hawkins et al. 2013). The delta method consists of first computing the projected changes in 167 
monthly means of temperature and total precipitation in the 2050s with respect to the historical period for 168 
the GCM data (the “deltas”). Next, we added these downscaled GCM projections to the WorldClim high 169 
resolution data (also see Ramirez and Jarvis 2010). Altogether, the analysis developed the same 19 170 
bioclimatic and four modal variables at 1km spatial resolution for both present and future monthly climate. 171 
2.4. Socio Economic Data 172 
The study included three variables – accessibility, population density and rice production – that in some 173 
respect account for the socioeconomic characteristics of the population. The inclusion of these variables 174 
tests the degree to which socioeconomic characteristics explain the distribution of irrigated rice, or whether 175 
population is intrinsically related to environmental variables. For example, climate and topography may 176 
influence population density because people rarely settle in areas with extreme temperatures or topography. 177 
Therefore, the analysis included socioeconomic variables to understand their impact on the current 178 
distribution of rice suitability. Future suitability modeling excluded socioeconomic variables, which are 179 
difficult to project into the future and beyond the scope of this study. The three socioeconomic variable are 180 
described below: 181 
1.      Accessibility. This map layer shows the estimated travel time in minutes to settlements with 182 
populations of 50,000 people. Irrigated rice development is more likely where farmers have good access to 183 
markets and services that support their operations (Nelson 2008; CIESIN 2016).  184 
2.      Population density. This map layer shows population density in people per square kilometer from the 185 
Global Rural-Urban Mapping Project (GRUMP) available at the Socioeconomic Data and Application 186 
Center (SEDAC) (CIESIN, 2016). The data set incorporates population change information from the 187 
History Database of the Global Environment (HYDE) (Goldewijk, K et al, 2010), adjusting population 188 
totals to the UN World Population Prospects estimates of each country (CIESIN 2016). The year 2000 data 189 




































































3.      Rice production. This raster map indicates crop production data at the second order administrative 191 
level, which in this case are Colombian municipalities. A global crop production grid forms the basis for 192 
the data, available from the Earth Stat website (Ramankutty et al. 2008; http://www.earthstat.org/data-193 
download). 194 
2.5. Maxent suitability modeling 195 
The analysis employed the Maxent model to estimate the spatial distribution of rice in Colombia under a 196 
range of different environmental conditions (Phillips et al. 2006). Maxent derives suitability values from a 197 
probability distribution based on known locations and the environmental conditions at these locations. The 198 
probability distribution respects a set of restrictions derived from the presence data expressed as Maxent 199 
function terms of the environmental variables (Phillips and Dudik 2008; Merow et al. 2013). Other studies 200 
show that Maxent performs well in finding optimal species distribution based on limited presence data. The 201 
model also compares favorably to other models that also use presence-only data, such as GARP, Bioclim 202 
and Domain (Hernandez et al. 2006; Stockwell and Peters 1999; Busby 1991; Carpenter et al. 1993).  203 
Routines for statistical analysis are openly available for replication of this study or for adaptation to other 204 
study areas (https://github.com/fabiolexcastro/Rice_ClimateChange). Our research effort developed a 205 
potential distribution model executed in five steps, following the studies of Ramirez-Villegas et al. (2014) 206 
and Bunn et al. (2014):  207 
(1) The first step was to select those variables that were most suitable for modeling. Most ecological niche 208 
modeling methods, including the Maxent model, are sensitive to the number of variables used 209 
(Braunish, 2013; Dormann 2007). The use of a large number of correlated prediction variables in 210 
Maxent can lead to over-fitting and therefore bias the results (Warren and Seifert 2011). In order to 211 
reduce this potential bias, variance inflation factors (VIF) were computed adjusting multiple linear 212 
regression models using each predictor as a response and the rest as explanatory variables (Marquardt 213 
1970). The method eliminates only those variables with a VIF above 10.  Next, a first Maxent model 214 
run used only those variables that contributed more than 2 percent to the explanation of crop 215 
distribution. Variable contribution was evaluated as a function of how they are distributed across 216 
training and testing sites. 217 
(2) In the second step, the training routine used only the most important variables identified in the previous 218 
step and only under the present climate. In this step, the method implements model evaluation by using 219 
a cross-validation procedure with 25 model iterations, comparing training data making up 75 percent 220 
of locations with test data corresponding to 25 percent of locations (Warren et al. 2013; Ramirez-221 




































































characteristic curve (AUC), which can be interpreted as a measure of the models’ capacity to 223 
discriminate between presences and absences (Hernandez et al. 2006). Values of AUC less than 0.7 224 
indicate poor models, while those between 0.7 and 0.9 and above 0.9 are moderately useful and 225 
exceptional respectively (Lopez 2014). The analysis employed another evaluation measure, the 226 
Maximum Cohen’s Kappa index (Congalton & Green 2009), evaluating the agreement between 227 
observed and modeled data for 25 models.  228 
(3) The third step was to estimate model uncertainty. We determined the degree of agreement for 25 distinct 229 
models evaluated by cross validation, differentiated by changing the input data and the validation data 230 
for each model.  We also calculated standard deviation to examine the distribution of the results around 231 
the mean, as well as the coefficient of variation to evaluate the degree of homogeneity between 232 
variables.  233 
(4) The fourth step required future projection processing with each of the 32 downscaled GCM projections 234 
for the 2040–2069 under the RCP 8.5 scenario (Appendix 2; Taylor et al. 2012). 235 
(5) The final step was to develop alternative models for evaluating the influence of socioeconomic 236 
variables on present-day rice distribution. This comparison allows us to consider the importance of 237 
socioeconomic variables versus biophysical variables alone to the current rice distribution. If models 238 
with socioeconomic variables are substantially different from those with biophysical variables, then 239 
future projections of rice distribution based on biophysical variables alone would be inappropriate. The 240 
first of these alternative models included the socioeconomic variables accessibility, population density 241 
and rice production. The second model used climatic variables only. Our evaluation of the two models 242 
allows us to understand how inclusion of socioeconomic variables affects the suitability map. 243 
 244 
2.6. Determining suitability areas 245 
This study defined areas as suitable or unsuitable for rice cultivation in Colombia in order to compare 246 
current conditions with future climate. Toward that aim, we defined a probability threshold that 247 
discriminates areas of rice presence or absence. Several methods can be used to make this determination 248 
(Liu et al. 2013). This study used a probability threshold based on the maximum test sensitivity plus 249 
specificity logistic threshold, suggested by Liu et al. (2013). The threshold maximizes the sum of sensitivity 250 
and specificity, which in other words maximizes the number of true negatives and true positives simulated 251 
by the model. This statistic, also known as the Youden index, maximizes the True Skill Statistic, the most 252 
widely accepted measure of precision in presence and absence data (Liu et al. 2013). Additionally, the 253 
method compares the average suitability by municipality to reported harvested area from the rice census.  254 




































































2.7. Response profiles 256 
Relationships between environmental conditions and the probability of the presence of a crop are generally 257 
complicated and nonlinear (Zabel et al. 2014). Our method evaluated a variable’s individual contribution 258 
to present and future climate suitability to better understand this complexity. Response profiles were 259 
constructed for individual variables by holding all others constant (Lek et al. 1996). The method consists 260 
of constructing five matrices for each variable of interest. The matrices organize the data into five quintiles 261 
– the minimum values, those in the second quintile, median values, those in the fourth quintile and 262 
maximum values. In each matrix, the value of the variable of interest is divided by the number of equally 263 
sized intervals in the analysis. All other variables in the matrix are held constant. Each matrix is then used 264 
as input to run the Maxent model again, deriving suitability values for each one. The median suitability of 265 
the five matrices of each individual variable is then derived for comparison to the overall rice suitability 266 
model. We repeated the process for each variable in the analysis. The derived data allows us to construct a 267 
curve that shows the relationship between the suitability of each of the individual variables and suitability 268 
for the rice crop overall. 269 
3. Results 270 
3.1. Model structure and performance 271 
Eight variables made a substantial contribution to a model of present climate conditions. The analysis 272 
reduces an initial set of 28 variables to 11 based on VIF values below 10. We eliminated precipitation in 273 
the driest quarter, percent silt in the soil and precipitation of the wettest month because they contributed 274 
little to the model (< 5%). Three of the eight remaining variables explained a substantial part of the 275 
distribution – accumulated precipitation during the months of August, September and October (31 percent), 276 
followed by annual range of temperature (26 percent) and then by average temperature during the wettest 277 
quarter (12.4 percent). Two variables accounted for low yet important levels of variance – precipitation of 278 
the driest month (8.6 percent) and precipitation of the coldest quarter (8.3 percent). The variables that 279 
contributed the least to the model included temperature seasonality (standard deviation of median 280 
temperature for 12 months of the year, 4.4 percent), terrain slope (4.7 percent) and clay content in the soil 281 
(4.9 percent).  282 
The model performed well in general. The mean value of AUC of the 25 iterations for cross validation was 283 
0.930, with a range of 0.924 to 0.937 (s.d.=0.00098), for the training data. For the test data, the AUC was 284 
0.912, with a range of 0.821 to 0.960 (s.d.=0.034). The variability of AUC was low, especially for the 285 




































































test data was also very small (~2 percent), implying that overfitting in the model is unlikely (Warren and 287 
Seifert, 2011). Compared to the reference value of 30.1 suggested by Lui et al (2013), the resulting average 288 
index measure of 0.79 shows that the model is skillful in discriminating rice presences from the background.  289 
3.2. Uncertainty in model results 290 
Figure 2 shows model uncertainty according to the coefficient of variation for 25 distinct models under 291 
present climate conditions. Those areas under current cultivation show lower levels of uncertainty, 292 
indicating that the model had a high degree of agreement in the suitable areas. Model uncertainty was also 293 
low in the Cauca and Patia River valleys, areas judged to be suitable but with low cultivation of rice today. 294 
The model showed areas with the highest uncertainty in mountain landscapes, including the major 295 
Cordilleras extending from north to south in Colombia. These latter areas lack rice cultivation because of 296 
inadequate edaphic and climatological conditions. 297 
 298 
 299 
Figure 2. Percentage measure of model uncertainty.  300 
 301 
3.3. Modeling with socioeconomic variables and climate only 302 
Model results differed between models that used (1) climate, soil and slope variables; (2) a model that 303 
included climatic variables, soil, slope, population density, accessibility and rice production and; (3) a 304 
model with climate variables only (Figure 3). 82 percent of the study area showed differences of less than 305 
10 percent between the model that used biophysical variables only and the model that included 306 
socieconomic variables. 16 percent of the study area showed suitability variables that were more than 10 307 
percent less suitable when socioeconomic variables were included, principally located in the eastern part of 308 
the country. These areas in the Amazon and Orinoco regions are extreme in their lack of accessibility and 309 
low population density. Two percent of the study area showed increases in suitability of more than 10 310 
percent when socioeconomic variable were included. This difference occurred around two of the most 311 
important and largest cities in the Orinoco region of Eastern Colombia, Villavicencio and Yopal. The higher 312 
suitability in these areas may reflect the high settlement and infrastructure characteristics around these two 313 
urban areas.  The results showed few differences between the model with all biophysical variables and the 314 





































































Figure 3. Percentage differences between (A) original model using climate soil and slope variables 317 
versus the same variables plus accessibility, population density and rice production, and (B) original 318 
model using climate, soil and slope variables versus a model that used only climate variables. 319 
 320 
3.4. Bioclimatic data ranges and projected change in the future 321 
The analysis showed a wide range of bioclimatic conditions in Colombia. Temperature seasonality for the 322 
presence data varied from 24 to 97 on a scale of 0 to 100. Annual temperature ranged from 0.95 and 1.5. 323 
Values of temperature of the wettest quarter varied between 1.4°C and 2.8°C. Precipitation during the driest 324 
month varied between two and 131 mm, while values of precipitation during the coldest month ranged 325 
between 138 and 1472 mm. Finally, rainfall during August and September ranged between 207 and 1241 326 
mm.  327 
Differences in individual climate variables reveals projected changes between present and future climate in 328 
each rice region of Colombia (Table 2). Of these climate variables, the precipitation of the coldest quarter 329 
showed a substantial difference, with precipitation during these three months projected to rise by 217 mm 330 
in the Santanderes region, followed by the Central Zone rice growing region where precipitation is expected 331 
to rise by 123 mm. The model projected the greatest temperature increases in the rainy season to take place 332 
in the Santanderes region, followed by the Eastern Plains, the Central Zone and the Lower Cauca rice 333 
growing regions.  334 
Table 2. Changes in climate variables by zone, showing the difference between data for the present and 335 
projections for the future. Temperature seasonality is expressed as dimensionless change. The two 336 
temperature variables (Bio 7 and 8) show the differences in °C. The 3 columns to the right show rainfall 337 
differences in mm.   338 
Zone 
Bio 4 - 
Temperature 
seasonality 
Bio 7 - 
Temperature 
annual range in  
°C  
Bio 8 (°C) - Mean 
temperature of 
wettest quarter  
in  °C  
Bio 14 (mm) - 
Precipitation of 
driest month 
Bio 19 (mm) - 
Precipitation of 
warmest quarter 
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3.5. Rice production in Colombia 341 
Colombia produces nearly 1 million tons of irrigated rice according to the most recent census 342 
(FEDEARROZ, 2017; see Table 3). Production in the Central Zone contributes over 60% of the cultivated 343 
area of irrigated rice in Colombia, about 580,000 tons cultivated on more than 75,000 ha. The second most 344 
important region in terms of area is the Eastern Plains, accounting for about 20% of irrigated rice in 345 
Colombia. The Santanderes and North Coast zones cultivate 15 and 10% respectively of the total irrigated 346 
rice area, while the lower Cauca Valley is responsible for only 3% of national production. 347 
Table 3. Cultivated area, production and yields of irrigated rice in Colombia for the second semester of 348 
2016 (FEDEARROZ, 2016) 349 
Zone 
Area (Ha) Production (Ton) Yield 
(Ton/Ha) ha % contribution Ton % contribution 
Lower 
Cauca 
4100 3 19,961 2.1 4.9 
Central Zone 77,812 53 578,980 60.3 7.4 
North Coast 14,271 10 79,223 8.3 5.6 
Eastern 
Plains 
29,386 20 156,312 16.3 5.3 
Santanderes 21,232 15 126,208 13.1 5.9 
Colombia 146,801 100 960,685 100 6.5 
 350 
 351 
3.6. Current and future suitability of irrigated rice 352 
A key result of this study was the prediction of areas suitable for irrigated rice under current and future 353 
climate (Figure 4A and 4B). The model predicts the most suitable areas for rice cultivation in Colombia 354 




































































percent are unsuitable. The Maxent model estimates that 4.4 million ha in Colombia are currently suitable 356 
for irrigated rice cultivation. As expected, the model projected that two of Colombia’s inter-Andean valleys 357 
are the most suitable for irrigated rice production. The model projects more than one million suitable 358 
hectares in the Magdalena River Valley, at 500 m above sea level in the Central Zone region. A second 359 
region that stands out comprises the Rio Cauca and Rio Patia valleys, at 1000 and 800 m above sea level 360 
respectively with 500,000 suitable hectares. Farmers cultivate very little rice in these latter two valleys, 361 
despite their high suitability for irrigated rice production. In contrast, farmers in the Eastern Plains region 362 
cultivate irrigated rice at an average elevation of 250 m above sea level under moderately adequate 363 
conditions.  Another region with suitable areas for rice production, although to a lesser degree, is the Lower 364 
Cauca River Valley with approximately 300,000 suitable hectares. 365 
Figure 4. Suitability maps for irrigated rice under the present climate, 1950 - 2000 (A) and under the 366 
future scenario for the years 2040 – 2069 (B). 367 
Under future climate, only 1.8 million ha remain suitable; that is, a reduction of about 60 percent compared  368 
to the current period (Figure 4A). Of the 342 sites used as input to the model, 143 sites are suitable for 369 
irrigated rice cultivation in the future, while 216 sites are unsuitable. The reduction in the number of sites 370 
that are suitable for cultivation under current and future climates amounts to an equivalent 60 percent 371 
reduction, thus confirming the physical area estimate. A significant relationship between suitability and 372 
harvested area ( =0.27, p<0.05) confirms that changes in suitability likely imply changes in harvested 373 
areas (Figure 5).  374 
Figure 5. Spearman correlation between estimated suitability and actual irrigated - rice crop area in 124 375 
municipalities in Colombia. ** P value less than 0.001 376 
 377 
Our future projections for rice in Colombia show large reductions in suitability. For the Eastern Plains,  99 378 
percent of the suitable area for rice becomes unsuitable, a reduction of more than one million ha to only 379 
9,200 ha in the future. In contrast, the Central Zone region is expected to lose only 14 percent of its suitable 380 
area, a reduction from 1,928,000 ha in the present to 1,659,000 ha in the future. Model results suggest that 381 
future suitable zones for rice in Colombia will be concentrated principally in the Magdalena, Cauca and 382 
Patia valleys, with an approximate total area of 1.5 million ha (see Figure 6A). The administrative district 383 
in Colombia with the greatest suitability in the future is the municipality of Palmira, with no current rice 384 
production, but a future projected suitable area of 85,870 ha. Other important areas of expected future 385 
production include the wetlands of Santa Marta and Norte de Santander near the border with Venezuela. 386 
Figure 6. Irrigated rice environments under present climate, classified as suitable if the MaxEnt model 387 




































































growing region (A), the lower Cauca region (B), the North rice growing region (C), the Eastern Plains 389 
region (D) and the Santanderes region (E). 390 
 391 
The upper Cauca River valley will continue to be an area with high potential for rice cultivation. The model 392 
projects high suitability for four municipalities in the Valle del Cauca Department. Other important zones 393 
will be in the Cauca Department, where the model projects 160,000 suitable hectares in eight municipalities 394 
(Figure 6A). However, rice is currently grown in only in one municipality in the Cauca department, with 395 
about 300 ha cultivated (FEDEARROZ, 2008).  396 
The model projects future rice suitability in the Lower Cauca valley, the lower Magdalena River Valley, 397 
the Eastern Plains and the Santanderes (Figure 6B, 6C, 6D, and 6E) , although in lesser magnitude compared 398 
to the upper Cauca Valley (Figure 7). Model results predict future rice suitability in four municipalities of 399 
the Lower Cauca valley, comprising 16,200 ha. Farmers in these municipalities today are coffee and banana 400 
producers, with no rice production. Also in the North Coast zone, model results predict that two 401 
municipalities will have 47,000 ha suitable for rice production. Two municipalities in the Atlántico 402 
Department are projected to have 25,800 ha of suitable rice area, one of which has no current rice 403 
production. In the Eastern Plains, only two municipalities are projected to have areas suitable for rice, 404 
encompassing 9,101 ha. Finally, the model predicts 30,600 ha are  suitable in the Santanderes region in the 405 
future.  In that region today, farmers cultivate irrigated rice on 20,034 ha. 406 
Figure 7. Suitability estimates for present and future climates, in hectares for the 10 municipalities with 407 
the greatest area. 408 
 409 
Projected changes in suitability vary across the rice growing regions.  Figure 7 illustrates the changes in 410 
rice suitability in Colombia by subregion. The model projects high future suitability in all bottomland of 411 
the upper Cauca, a region with lower suitability today and less than 2,000 ha of current rice production.  412 
The model projects future suitability for 9,700 suitable ha in the Patia River basin, an area with no rice 413 
today. The analysis predicts future rice suitability in the municipality of Ibague, in Tolima Department and 414 
the upper Magdalena River valley. The model suggests an increase in suitability by 2,600 ha above present-415 
day rice production. 416 
3.7. Variable profile analysis 417 
Figure 8 displays variable profile response curves for the eight variables considered in the final models (see 418 




































































They help discern the causes for the suitability changes described in Sect. 3.3. Irrigated rice suitability 420 
varies little overall in the areas of lowest and highest temperature seasonality, calculated as the standard 421 
deviation of monthly mean temperatures (Figure 8A). Suitability increases as temperature seasonality varies 422 
from the lowest to the higher parts of the distribution, The annual range of temperature shows increasing 423 
suitability with a higher annual range of temperature, up to a value of 13° C where it then levels off (Figure 424 
8B). Rice suitability increases with an associated increase in the mean temperature in the wettest quarter of 425 
the year, with slow increases up to 20°C and more rapid increases thereafter, before leveling off at around 426 
29°C (Figure 8C).  This result likely reflects higher solar radiation impacts on plant growth where 427 
temperatures are higher during the rainy season. 428 
Suitability of irrigated rice cultivation increases with increases in precipitation during the driest month of 429 
the year and during the coldest quarter of the year. These suitability increases  reflect the absence of water 430 
stress (i.e. limits to water withdrawals in irrigation districts) and heat stress at these times (Figure 8D and 431 
8E). The relationship is most likely a simple reflection of the positive impact of greater water availability 432 
on rice growth. Abundance of precipitation for irrigated rice generally favors irrigation district water 433 
availability, thus improving growing conditions. Suitability and precipitation during the rainy months of 434 
August, September and October varies little below 2,000 mm per month of rainfall (Figure 8F). Above 435 
2,000 mm per month, suitability rises rapidly, leveling off near 2,300 mm per month. This relationship 436 
reflects the importance of water availability during the rainy season.   437 
Clay content in the soil also drives rice suitability.  Clay soils are more fertile because they retain water and 438 
nutrients needed for growth, (Figure 8G). The relationship varies more or less linearly between suitability 439 
values of zero and .25, and between clay content values 20 and 40 percent. Although slope contributes only 440 
4.7 percent to explaining suitability, areas of higher slope show greater suitability for rice cultivation  441 
(Figure 8H). This counter-intuitive result may reflect the resolution of the digital slope map, since areas 442 
with high slopes concentrate water in valley bottoms that are good sites for irrigated rice cultivation.  This 443 
source of error may result from the 1 km pixel DEM, which has been resampled from 123 pixels at 90 m 444 
resolution in order to achieve consistency in pixel resolution among data layers. There could be large 445 
variation in these 123 pixels because Colombia topography in much of the country varies greatly over short 446 
distances.  447 
 448 
Figure 8. Variable profile curves showing how MaxEnt model suitability values vary with individual 449 
factors included in the analysis, including (A) precipitation of the driest month temperature seasonality, 450 
(B) precipitation of the coldest quarter, (C) temperature seasonality, (D) temperature annual range, (E) 451 





































































Most of the variables discussed above show a linear relationship to irrigated rice suitability. However, the 454 
steepness of the profile curves varies. Of the three variables identified as most important in the Maxent 455 
model (Section 3.1), the mean temperature during the wettest quarter has the steepest curve. This result 456 
may reflect solar radiation during the rainy season in these regions. A second important variable is 457 
precipitation during August, September and October – the main rice growing season in Colombia. This 458 
latter variable response emphasizes the critical importance of water availability for irrigation during the 459 
growing season. The third most important variable is annual range of temperature, showing increases in 460 
suitability from 5 to 20 percent with increase in annual range of temperature.  461 
4. Discussion 462 
4.1. Rice distribution patterns and key environmental changes 463 
The current rice distribution in Colombia reflects environmental and socioeconomic conditions for optimal 464 
plant growth and development. The cultivated area and hence production today is below the country’s 465 
potential. Domestic demand in Colombia remains unsatisfied, requiring rice imports. These circumstances 466 
will likely intensify in the future given the projected decreases in rice suitability over the coming decades. 467 
The trend can be changed by both using new varieties and management practices adapted to changing 468 
environmental conditions or by moving production to regions of the country likely to be more suitable. 469 
Nevertheless, the rice sector needs research and development on the most effective cultivars and 470 
management practices. Results presented here indicate favorable rice growing environments of the future 471 
will be concentrated in the Patia River Valley and other parts of the upper Cauca basin, as well as the Santa 472 
Marta lowlands (North Coast). Areas expected to become less favorable include the upper Magdalena River 473 
Valley in the departments of Huila and Tolima (Central Zone), the area adjacent to the Andes Mountains 474 
in the Eastern Plains region, the Lower Cauca valley and the North Coast rice production zones.   475 
The changes in rice suitability may force important changes in livelihoods for different regions in Colombia. 476 
For example, rice cultivation expanded to 58,000 ha in the Eastern Plains region of Colombia. Yet, our 477 
projections suggest that suitability will decrease from 1.2 million ha today to only 9,000 ha in the future. 478 
Pressures from climate change may force growers in this region to adapt to changing circumstances. 479 
Targeting rice production to the right areas may be required. In another example, rice growers could face 480 
conflicts with sugarcane growers in the upper Cauca Valley, the principal area of projected increases in 481 
suitability. Sugar producers already established a foothold on land-use in that region. Indeed, recent 482 
estimates shows that rice growers earn 1,067 dollars per hectare while sugarcane yields 1,168 dollars per 483 
hectare (Jaramillo 2017; Jurado 2015). This profitability difference of 101 dollars per hectare may explain 484 




































































be more important to landowners in deciding to grow sugar cane. Rice growers currently cultivate 1,900 ha 486 
in the upper Cauca Valley, defying this profitability comparison, and likely due to the presence of one 487 
particular rice processing facility that has existed for decades (Lundy 2017). Land-use in the upper Cauca 488 
region would likely be decided by economic rationales that account for the relative merits of producing 489 
domestic rice to avoid imports versus sugarcane profitability in both domestic and export markets, including 490 
alcoholic beverages and ethanol for fuel. Food security considerations will also be important because of the 491 
Colombian government’s stated policy to promote food sovereignty, reducing dependence on imports. 492 
Expected changes in the explanatory variables drive projected changes in the spatial pattern of rice 493 
suitability (Figure 8 and Appendix 3). The model projects accumulated rainfall from August to October to 494 
decline in the northern part of the country and in the Eastern Plains (Appendix 3A). This reduction matches 495 
the areas that are projected to go from suitable under current climate to unsuitable under future climate 496 
(Figure 7, Appendix 3D). These regions could benefit from better water management and crop varieties 497 
resistant to drought (Kumar et al. 2014). In the Central Zone, the model projects rainfall in August, 498 
September and October to increase in the future, maintaining suitability (Figure 8A). Where the annual 499 
range in temperature is maintained or increases in the upper Cauca and Magdalena valleys, irrigated rice 500 
suitability is expected to be maintained in the future (Appendix 2B and Figure 8A). The average temperature 501 
in the wettest quarter increases all over the country.  Nationally, Colombia could adopt rice varieties tolerant 502 
to heat, drawing on international rice improvement efforts (Zhang et al. 2005). Precipitation of the driest 503 
quarter does not have a strong impact in the rice growing regions. One exception is the Santanderes region, 504 
where precipitation is lower in the driest months and suitability decreases in the future.  Precipitation in the 505 
coldest quarter overall is reduced, but especially in the north, fitting with the overall national pattern of 506 
reductions in suitability (Appendix 3E and Figure 4). In the Santanderes region, the model projects 507 
seasonality to decrease by 5 to 8 percent, moving from suitable to unsuitable in the future (Appendix 3F 508 
and Figure 8).   509 
Our model results project a future spatial pattern of rice suitability in Colombia that differs substantially 510 
from the current pattern. Increases in temperature in the rainy season will likely be a key contributor to 511 
changes in suitability for rice production in Colombia. The upper Magdalena and Cauca valleys illustrate 512 
how different rice growing regions will likely respond to temperature increases. The model projects the 513 
Magdalena valley, at 500 m above sea level and average temperature of 25°C, to remain suitable for rice 514 
production in the future. In contrast, future suitability for rice production increases in the upper Cauca 515 
Valley regions of the Patia Valley, northern Cauca Department and southern Cauca Valley Department. 516 
These areas lie at nearly 1,000 m above sea level with an average temperature of 23°C. This 2°C difference 517 




































































Our results suggest several possible actions to improve rice adaptation in Colombia. Compared to current 519 
conditions, there may be less rainfall in the rainy season, suggesting the need for better water management 520 
or rice varieties that need less water. The reduction in the annual range of temperature suggests the need 521 
for varieties with high yields despite the lack of cooler nighttime temperatures. Colombian farmers will 522 
need heat tolerant varieties that mitigate against the general rise in temperatures expected in the future. In 523 
some cases farmers may need to transition out of rice production where changes in varieties or changes in 524 
management practices are insufficient to overcome climate change.  525 
 526 
4.2.  Adaptation strategies  527 
Our analysis suggests several different scenarios of adaptation strategies for the future. Farmers should 528 
consider three strategies in areas where suitability will decrease in the future. First, farmers can cultivate 529 
rice using varieties tolerant to heat or water stress, cultivars that many breeding programs are continuously 530 
developing (Fukai and Fischer, 2012; Mackill et al., 2012). Second, farmers in these regions can also change 531 
management practices related to irrigation systems and water management, adjusting the practices to micro 532 
climatic conditions at a given site. The Colombian Rice Federation developed a technological package 533 
called AMTEC (Spanish acronym), referring to massive adoption of rice technology (FEDEARROZ 2012). 534 
Widespread adoption of these practices and technologies could lessen the impact of the drivers of reductions 535 
in suitability.  The AMTEC measures include adopting site-specific or precision agriculture and a group of 536 
techniques to optimize the use of seeds, fertilizers and agricultural chemicals. Third, farmers may consider 537 
planting crops other than rice.   538 
The analysis suggests that farmers should aim for sustainable intensification in areas where rice is suitable 539 
today and projected as suitable in the future. Farmers should renovate their farms, improve nutrient 540 
management, and manage pests and diseases to increase yields. These favorable regions should also 541 
improve their rice production infrastructure and value chain. Efforts should be made to intensify rice 542 
production, improving incomes for farmers and the health of the rice sector in general. These improvements 543 
can respond to new difficulties facing rice production in less favored areas. 544 
 545 
Farmers can improve current practices in areas where future conditions for rice production are expected to 546 
improve, increasing yields and sustainability. Efforts should focus on practices and policies that guide 547 
sustainable production, reduce deterioration of native habitat and provide water environmental services. 548 
The expected changes in individual climate variables described above could be mitigated through improved 549 





































































4.3. Comparison with previous studies 552 
The results of this study compare favorably with the previous global studies on the potential impacts of 553 
climate change on rice production (Ramankutty 2002; Lane and Jarvis 2007; Zabel et al. 2014). While the 554 
Ramankutty et al (2002) study does not specifically focus on rice, it did project suitability losses for northern 555 
South America, including Colombia. Land and Jarvis (2007) also projected similar suitability losses using 556 
the Ecocrop model, although the patterns differ somewhat from those found in this study. Similarly, our 557 
projections agree with projected reductions in suitability from the Zabel et al. (2014) study, despite the use 558 
of different climate scenarios, different modeling methods (diffuse logic versus Maxent) and different 559 
calibration data (general global data versus country-specific). Both studies agree that areas of low or no 560 
suitability correspond to mountainous areas and forested zones. Also, both studies agree on areas of medium 561 
and high suitability, such as the Cauca and Magdalena valleys, the Caribbean coast and the region 562 
surrounding the Santa Marta highlands.  However, the two studies disagree on the suitability of the 563 
Piedmont region at the foot of the Eastern Cordillera, where Zabel et al. (2014) predict medium suitability 564 
and this study predicts low suitability. Calibrated to local conditions, the present study uses much more 565 
detailed information on rice distribution and model inputs.  The two studies also use different time frames 566 
for their analysis. However, both studies conclude that overall rice area suitability will likely decrease in 567 
Colombia. 568 
4.3. Comparison between biophysical-alone and combined biophysical and socioeconomic models 569 
The original model based on climatic, soils and topographic variables showed very little difference 570 
compared to the model that included accessibility, population density and rice production. This modeling 571 
check gives us confidence that the changes in socioeconomic conditions in the future, which would be 572 
difficult if not impossible to project, are largely independent of the expected extent of future rice suitability. 573 
5. Conclusions and recommendations 574 
The analysis and method used in this study differentiated suitability of current rice production and changes 575 
in suitability into the future. The method permitted the incorporation of a range of climate and soil data. 576 
Our evaluation of the model showed that it performed well, even though data such as solar radiation and 577 
socioeconomic variables were unavailable for the study. The modeling results suggest an overall reduction 578 
in suitability for irrigated rice cultivation in Colombia, Changes in suitability are in general negative in the 579 
lowest lying regions of the country, improving as elevation increases. This result suggests that while large 580 
countries in temperate zones can shift production towards higher latitudes, countries like Colombia may 581 




































































Many areas of high suitability show low or no harvested area, limiting the strength of the relationship 583 
between suitability and crop presence. The coincidence of other more profitable crops in areas that are 584 
suitable for irrigated rice may explain this result. For example, the well-established sugarcane industry in 585 
the upper Cauca basin dominates an area that is suitable for rice.  586 
The study suggested that changes in some key climate variables may negatively affect rice production in 587 
Colombia. More detailed future work could use more sophisticated models, such as mechanistic crop 588 
models that could isolate the ways in which environmental stress affects rice plants. These types of models 589 
could be useful for suggesting alternative rice varieties or specific management practices that are best 590 
adapted to changing environmental conditions.  591 
The study suggested several implications for rice production and the rice industry in Colombia. Areas that 592 
are projected to be less suitable for rice may need to switch to other crops or otherwise develop new 593 
livelihood strategies. In other areas where rice production is projected to thrive, land-use changes need to 594 
be considered carefully in the light of sustainability and profitability. Food security and food sovereignty 595 
issues may also be important considerations in land-use planning in these regions. Planning efforts will 596 
require more research on the economic and social aspects of agricultural production in the country. 597 
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Appendix 1. Rice growing regions of Colombia according to the National Rice Federation, 610 






































































Modeling Center (or Group) Institute ID Model Name 
Commonwealth Scientific and Industrial Research 
Organization (CSIRO) and Bureau of Meteorology 
(BOM), Australia CSIRO-BOM 
ACCESS1.0 ACCESS1.3 




Instituto Nacional de Pesquisas Espaciais (National 
Instituye for Space Research) INPEN 
BESM OA 2.3* 
College of Global Change and Earth System 
Science, Beijing Normal University GCESS 
BNU-ESM 




University of Miami - RSMAS RSMAS CCSM4 (RSMAS)* 
National Center for Atmospheric Research NCAR CCSM4    




Center for Ocean-Land-Atmosphere Studies and 
National Centers for Environmental Prediction COLA and NCEP 
CFSv2-2011 




Centre National de Recherches Meteorologiques / 
Centre Européen de Recherche et Formation 
Avancée en Calcul Scientifique CNRM-CERFACS 
CNRM-CM5 
Commonwealth Scientific and Industrial Research 
Organization in collaboration with Queensland 
Cliamte Change Centre of Excellence CSIRO-QCCCE 
CSIRO-Mk3.6.0 
EC-EARTH consortium EC-EARTH EC-EARTH 
LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences and CESS, Tsinghua 
University LASG-CESS 
FGOALS-g2 
LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences LASG-IAP 
FGOALS-gl FGOALS-s2 
The First Institute of Oceanography, SOA, China FIO FIO-ESM 
NASA Global Modeling and Assimilation Office NASA GMAO GEOS-5 





NASA Goddard Institute for Space Studies NASA GISS 
GISS-E2-H GISS-E2-H-CC 
GISS-E2-R GISS-E2-R-CC 
National Institute of Meteorological Research/Korea 





































































Met Office Hadley Centre (additional HadGEM2-








Institute for Numerical Mathematics INM INM-CM4 




Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute (The University of Tokyo), and National 
Institute for Environmental Studies MIROC 
MIROC-ESM MIROC-
ESM-CHEM 
Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 
Environmental Studies, and Japan Agency for 
Marine-Earth Science and Technology MIROC 
MIROC4h MIROC5 
Max-Planck-Institut für Meteorologie (Max Planck 
Institute for Meteorology) MPI-M 
MPI-ESM-MR MPI-ESM-
LR MPI-ESM-P 




Nonhydrostatic Icosahedral Atmospheric Model 
Group NICAM  
NICAM.09 
Norwegian Climate Centre NCC 
NorESM1-M NorESM1-
ME 
Appendix 2. List of 32 global climate models used for projection scenario RCP 8.5. 614 
 615 
Appendix 3. Changes in the key model variables of the analysis between the present climate (1950-2000) 616 
and future climate (2040-2069): accumulated precipitation between August and October (A), annual 617 
range of temperature (B), mean temperature of the wettest quarter (C), precipitation of the driest month 618 
(D), precipitation of the coldest quarter (E) and temperature seasonality (F). 619 
References 620 
Aggarwal P, Mall R (2002) Climate change and rice yields in diverse agro-environments of India. II Effect 621 
of uncertainties in scenarios and crop models on impact assessment. Climatic Change 52(3):331-343. 622 
Auffhammer M, Ramanathan V, Vincent J (2012) Climate change, the monsoon, and rice yield in India. 623 
Climatic Change 111(2):411-424. 624 
Barbet-Massin M, Jiguet F, Helene C, Thuiller W (2012) Selecting pseudo-absences for species distribution 625 
models: how, where and how many 3. United Kingdom: Methods Ecol. Evol. 626 
Braunish V, Coppes J, Arlettaz R, Suchant R, Schmid H, & Bollman K (2013) Selecting from correlated 627 
climate variables: a major source of uncertainty for predicting species distributions under climate change. 628 




































































Bunn C, Läderach P, Ovalle O, Kirschke D (2014) A bitter cup: climate change profile of global production. 630 
Clim Change 129:89-101. 631 
Busby J (1991) BIOCLIM - a bioclimate analysis and prediction system. J. Nat. Conserv: cost effective 632 
biological surveys and data analysis 64-68. 633 
Carpenter G, Gillison A, Winter J (1993) Domain: a flexible modelling procedure for mapping potential 634 
distributions of plants and animals. Biodiversity and Conservation 2:667-680. 635 
Challinor A, Watson J, Lobell D, Howden S, Smith, D, Chhetri N (2014) A meta-analysis of crop yield 636 
under climate change and adaptation Nat. Clim. Change 4 (4):287-291. 637 
CIESIN - Center for International Earth Science Information Network, Columbia University (2016) 638 
Gridded Population of the World, Version 4 (GPWv4): Population Density. Palisades, NY: NASA 639 
Socioeconomic Data and Applications Center (SEDAC). http://dx.doi.org/10.7927/H4NP22DQ. Accessed 640 
31 November 2016. 641 
Congalton R, Green K (2009) Assessing the accuracy of Remotely Sensed Data - Principles and Practices 642 
CRC PRess - Taylor & Francis Group 2:105 - 110. 643 
Godfray C, Beddington J, Crute I, Haddad L, Lawrence D, James, Pretty J, Robinson S, Thomas S, Toulmin 644 
C (2010) Food security: the challenge of feeding 9 Billion People. Food Security 812-829.  645 
Degiovanni V, Martínez C, Motta F (2010) Producción eco-eficiente del arroz en América Latina I, Palmira: 646 
Centro Internacional de Agricultura Tropical.  647 
DANE – Departamentos Administrativo Nacional de Estadístico (2015) https://www.dane.gov.co  648 
Dorman C (2007) Promising the Future? Global Change Projections of Species Distributions. Basic Appl. 649 
Ecol 8(5):387-397. 650 
Espinal C, Martines H, Acevedo, X (2005) La cadena del arroz en Colombia – Una mirada global de su 651 
estructura y dinámica. Bogota D.C. Ministerio de agricultura. 40p. 652 
FAOSTAT (2004) Anuario estadístico de la FAO; Hoja de balance de alimentos. Organización de las 653 
Naciones Unidas para la Agricultura y la Alimentación (FAO), Roma. Available in 654 
http://faostat.fao.org/site/567/default.aspx.  655 
FEDEARROZ (2008) III Censo Nacional Arrocero. Federación Nacional de Arroceros - Fondo Nacional 656 





































































%20Libro%20General%2006%20marzo%202008.pdf  659 
FEDEARROZ (2016) IV Censo Nacional Arrocero. Federación Nacional de Arroceros - Fondo Nacional 660 
del Arroz, Cundinamarca. Bogotá D.C.: FEDEARROZ. 661 
FEDEARROZ (2012) Adopción Masiva de Tecnología: Guía de Trabajo. Available from 662 
http://www.fedearroz.com.co/docs/Guia_de_trabajo_baja.pdf. Accessed on 10 October 2017. 663 
Fukai, S., & Fischer, K. S. (2012). Field phenotyping strategies and breeding for adaptation of rice to 664 
drought. Frontiers in physiology, 3, 282 665 
Global Rice Science Partnership (GRiSP) (2013) Rice Almanac 4th Edition. Los Baños, Philippines: 666 
International Rice Research Institute. 667 
Godfray C, Beddington J, Crute I, Haddad L, Muir J, Pretty J, Robinson S, Thomas S, Toulmin, C (2010) 668 
Food Security: The Challenge of Feeding 9 Billion People Science  327:818 - 818. 669 
GFS (2015) Global Food Security, sustainable, healthy food for all. United Kingdom. 20p. 670 
Goldewijk K, Beusen A, Janssen P (2010) Long-term dynamic modeling of global population and built-up 671 
area in spatially explicit way: HIDE 3.1 20(4):565-573.  672 
Grenier, Cecile (2017) Personal communication. Main bioclimatic variables for rice crop at Colombia. 673 
Hawkins E, Smith R, Gregory J, Stainforth D (2013) Irreducible uncertainty in near-term climate 674 
projections. Clim. Dyn 46(11):3807-3819.  675 
Hengl T, Mendes de Jesus,  MacMIlla R, Batjes, N, Heuvelink G, Ribeiro E, Samuel-Rosa A, Kempen B, 676 
Leenars J, Walsh M, Ruiperez Gonzalez M (2014) SoilsGrids1km - Global Soil Information Based on 677 
Automated Mapping PloS One 9(8): e105992. 678 
Hernandez P, Graham C, Master L, Deborah A (2006) The effect of sample size and species characteristics 679 
on performance of different species distribution modeling methods Ecography 29: 773-785. 680 
Hijmans R, Cameron S, Parra J, Jones P, Jarvis A (2005) Very high resolution interpolated climate surfaces 681 
for global land areas Int. J. Climatol 25:1965-7979. 682 
IPCC (2013) Climate change 2013: the physical science basis. Cambridge University Press, Cambridge 683 
Jaramillo S (2017) Personal communication. Costos de producción de arroz 2017 - Jamundí Valle del 684 




































































Jarvis A, Rubiano J, Nelson A, Farrow A, Mulligan M (2004) Practical use of SRTM data in the tropics–686 
comparisons with digital elevation models generated from cartographic data Working document, 198:1-32. 687 
Jurado J (2015) Rentabilidad económica, beneficios ambientales y sociales en el cultivo de caña de azúcar 688 
orgánica del proyecto Emenezer en el municipio de Santander de Quilichao. Universidad del Valle 1-57. 689 
Kumar A, Dixit S, Ram T, Yadaw RB, Mishra KK, Mandal NP (2014) Breeding high-yielding drought-690 
tolerant rice: genetic variations and conventional and molecular approaches. J. Exp. Bot, 65(21):6265 - 691 
6278. 692 
Laderach P, Ramirez-Villegas J, Navarro-Racines C, Zelaya C, Martinez-Valle A, Jarvis A (2017) Climate 693 
change adaptation of coffee production in space and time. Clim. Change 141 (1):47-62. 694 
Lane A, Jarvis A (2007) Changes in Climate will modify the Geography of Crop Suitability: Agricultural 695 
Biodiversity can help with Adaptation. J. SAT Agric. Res. 65(21):6265-6278. 696 
Lek S, Delacoste M, Baran P, Dimopoulos I, Lauga, J, Aulagnier S (1996) Application of neural networks 697 
to modelling nonlinear relationships in ecology. Ecol. Modell 90:39-52. 698 
León L, Arregoces O (1985) Química de los suelos inundados. En E. Tascón, & E. García, Arroz: 699 
Investigación y Producción, Palmira: Centro Internacional de Agricultura Tropical 287-306. 700 
Liu C, White M, Newell G (2013) Selecting thresholds for the prediction of species occurrence with 701 
presence-only data. J. Biogeography 40(4):778-789. 702 
López, D (2014) Predicción de la futura distribución potencial de Quercus humboldtii bajo diferentes 703 
escenarios de cambio climático. Quito: Universidad San Francisco de Quito. 704 
Lundy M (2017) Personal communication. Blanquita rice processing plant in upper Cauca Valley. 705 
Unpublished results.  706 
Mackill, D. J., Ismail, A. M., Singh, U. S., Labios, R. V., & Paris, T. R. (2012). Development and rapid 707 
adoption of submergence-tolerant (Sub1) rice varieties. In Advances in agronomy (Vol. 115, pp. 299-352). 708 
Academic Press. 709 
 710 
Marquardt D (1970) Generalized Inverses, Ridge Regression, Biased Linear Estimation, and Nonlinear 711 
Estimation. Technometrics 12 (3):561-612. 712 
Merow C, Smith M, Silander J (2013) A practical guide to Maxent for modeling species distributions: what 713 




































































Nelson A (2008) Estimated travel time to the nearest city of 50000 or more people in year 2000. Joint 715 
Researc Centre - The European Commission’s In-house Science Service - Travel time to major cities: a 716 
global map of accesibility. 717 
Norman M, Pearson C, Searle P (1995) The ecology of tropical food crops. Cambridge: Cambridge 718 
University Press. 719 
O’Neil B, Kriegler E, Riahi K, Ebi K, Hallegatte, S, Carter T, Mathur R, van Vuuren D, (2014) A new 720 
scenario framework for climate change research: the concept of shared socioeconomic pathways. Clim. 721 
Change 122:387–400. 722 
Phillips S, Anderson R, Schapire R (2006) Maximum entropy modeling of species geographic distribution. 723 
Ecol. Model 190(3):231-259. 724 
Phillips S, Dudík M (2008) Modeling of species distributions with Maxent: new extensions and a 725 
comprehensive evaluation. Ecography 3:161-175. 726 
Porter J, Dessai S, Tompkins E (2014) What do we know about UK household adaptation to climate 727 
change? A systematic review. Clim. Change 127(2):371 - 379. 728 
Pulver E, Jennings P, Aguiar A (2008) Revisión de la Producción y las Políticas de Arroz en Colombia. 729 
Bogotá D.C.: INDUARROZ. 730 
Ramankutty N, Foley J, Norman J, McSweeney K (2002) The global distribution of cultivable lands: current 731 
patterns and sensitivity to possible climate change. Glob. Ecol. and Biogeogr 11(5):377-392. 732 
Ramankutty N, Evan C, Monfreda J, Foley (2008) Farming the planet: 1. Geographic distribution of global 733 
agricultural lands in the year 2000. Glob. Biogeochimical Cycles 22(1):GB1003. 734 
Ramirez-Villegas J, Cuesta F, Devenish C, Peralvo M, Jarvis A, Arnillas C (2014) Using species 735 
distributions models for designing conservation strategies of Tropical Andean biodiversity under climate 736 
change. J. Nat. Conserv 22(5):391-404. 737 
Ramirez-Villegas J, Jarvis A (2010) Downscaling Global Circulation Model Outputs: The Delta Method. 738 
Decision and Policy Analysis Working Paper No. 1. Decision and Policy Analysis Working Papers. 739 
International Center for Tropical Agriculture (CIAT), Palmira, Colombia. 740 
Ramirez-Villegas J, Salazar M, Jarvis A, Navarro-Racines C (2012) A way forward on adaptation to climate 741 




































































Ray D, Gerber J, MacDonald G, West, P (2015) Climate variation explains a third of global crop yield 743 
variability. Nat. Commun 6:1-9. 744 
Riahi K, Rao S, Krey V, Cho C, Chirkow V, Fischer G, Kindermann G, Nakicenovic N, Rafaj, P (2011) 745 
RCP 8.5 - A scenario of comparatively high greenhouse gas emissions. Climatic Change 109:33-57. 746 
Sanint L (2010) Nuevos retos y grandes oportunidades tecnológicas para los sistemas arroceros: 747 
producción, seguridad alimentaria y disminución de la pobreza en América Latina y el Caribe. En V. 748 
Degiovanni, C. Martínez, & F. Motta, Producción eco-eficiente del arroz en América Latina (Vol. I, p 3-749 
13). Palmira, Colombia: Centro Internacional de Agricultura Tropical. 750 
Schroth G, Laderach P, Dempewolf J, Philpott S, Haggar J, Eaking H, Castillejos, T, Garcia J, Soto L, 751 
Hernandez R, Eitzinger A, Ramirez-Villegas J (2009) Towards a climate change adaptation strategy for 752 
coffee communities and ecosystems in the  Sierra Madre de Chiapas, Mexico. Mitigation and Adaptation 753 
Strategies for Global Change 14(7):605-625. 754 
Seck P, Diagne A, Mohanty S, Wopereis M (2012) Crops that feed the world 7: Rice. Food Security 4(1): 755 
7-24. 756 
Smith A, Santos M, Koo M, Rowe K, Rowe K, Patton J, Perrine J, Beissinger S, Moritz C (2013) Evaluation 757 
of species distribution model by resampling of sites surveyed a century ago by Joseph Grinell. Ecography, 758 
36, 1017-1032. 759 
Stockwell D, Peters D (1999) The GARP modelling system: Problems and solutions to automated spatial 760 
prediction. Internat. J. Geogr. Infor. Syst, 13:143–158. 761 
Taylor K, Stouffer R, Meehl G (2012) An Overview of CMIP5 and the Experiment Design. Bull. Amer. 762 
Meteor. Soc, 93:485–498. 763 
Teng P, Caballero – Anthony M, Lassa J (2016) The future of rice security under climate change – NTS 764 
report. Centre for non-traditional security studies. Available on https://www.rsis.edu.sg/wp-765 
content/uploads/2016/10/NTS-Report4-July2016-ClimateChangeAndRice.pdf  766 
Tilman D, Clark M (2014) Global diets link environmental sustainability and human health. Nature. 515: 767 
518-522. 768 
Vargas J (1985) El arroz y su medio ambiente. En E. Tascón, & E. García, Arroz: Investigación y 769 
Producción 19-36. Palmira: Centro Internacional de Agricultura Tropical. Available in: 770 




































































Warren D, Seifert S (2011) Ecological niche modelling in Maxent: the importance of model complexity 772 
and the performance of model selection criteria. Ecol. Appl, 21(2):335-342. 773 
Warren R, VanDerWal J, Prive J, Welbergen J, Atkinson I., Ramirez-Villegas, J (2013) Quantifying the 774 
benefit of early climate change mitigation in avoiding biodiversity loss. Nature Climate 3:678-682. 775 
Zhang Y, Wang Y, Niu H (2017) Spatio-temporal variations in the areas suitable for the cultivation of rice 776 
and maize in China under future climate scenarios. Science of the Total Environment 601:518-532.  777 
Zhang G, Chen L, Lei D, Zhang S (2005) Progresses in research on heat tolerance in Rice. Hybrid Rice, 778 
1:1-15. 779 
Yao F, Xu Y, Lin E, Yokozawa M, Zhang J (2007 Assessing the impacts of climate change on rice yields 780 
in the main rice areas of China. Climatic Change 80(3):395-409. 781 
Ye Q, Yang X, Dai S, Chen G, Li Y, Zhang C (2015) Effects of climate change on suitable rice cropping 782 
areas, cropping systems and crop water requirements in southern China. Agric. Water Manage, 159:35-44. 783 
Yoshida, S (1981) Fundamentals of Rice Crop Science. Los Baños: The International Rice Research 784 
Institute. 785 
Zabel F, Putzenlechner B, Mauser W (2014) Global Agricultural Land Resources - A High Resolution 786 





































































Climate change favors rice production at higher elevations in Colombia 1 
 2 
Abstract 3 
Rice (Oriza sativa) feeds nearly half of the world’s population. Regional and national studies in Asia 4 
suggest that rice production will suffer under climate change, but researchers conducted few studies for 5 
other parts of the world.  This research identifies suitable areas for cultivating irrigated rice in Colombia 6 
under current climates and for the 2050s, according to the Representative Concentration Pathway (RCP) 7 
8.5 scenario. The methodology uses known locations of the crop, environmental variables and maximum 8 
entropy and probabilistic methods to develop niche-based models for estimating the potential geographic 9 
distribution of irrigated rice. Results indicate that future climate change in Colombia could reduce the area 10 
that is suitable for rice production by 60 percent, from 4.4 million ha to 1.8 million ha. Low-lying rice 11 
production regions could be the most susceptible to changing environmental conditions, while mid-altitude 12 
valleys could see improvements in rice growing conditions. In contrast to a country like China where rice 13 
production can move to higher latitudes, rice adaptation in tropical Colombia will favor higher elevations. 14 
These results suggest adaptation strategies for the that Colombian rice farmerssector. Farmers can  need to 15 
adopt climate-resilient varieties or change water and agronomic management practices, or both.  Other 16 
farmers may consider abandoning rice production for some other crop or activity. for irrigated rice in 17 
Colombia adaptation will be needed to maintain or increase production during the 21st century.  18 
Keywords: rice, crop modelling, climate change, GCM, suitability zones, crop area. 19 
Highlights 20 
- Fewer areas will be suitable for rice in Colombia in the future. 21 
- Area at higher elevations, such as the mid-altitude upper Cauca Valley are projected to be more 22 
suitable. 23 
- If competitive with other crops, rice could be developed in many suitable areas where presently it 24 




1. Introduction 29 
Half of the world’s population consumes rice, making it the most important food crop in the developing 30 
world (Seck et al. 2012). A constant supply of rice supports food security and societal stability in both rice-31 
producing and rice-consuming countries (Degiovanny et al. 2010; Godfray et al. 2010). 113 countries 32 




produce substantial amounts of rice.  26 countries in Latin American and Caribbean (LAC) produce 24 33 
million tons of rice on 5.9 million ha, equivalent to 4 percent of world production (FAOSTAT 2004; Sanint 34 
2010).  35 
Experts anticipate that climate change will have large impacts on rice and other crops. The most recent 36 
report of the Intergovernmental Panel on Climate Change (IPCC) suggests average global crop productivity 37 
will likely decline between 1 and 2.5 percent per °C of warming (Porter et al. 2014; Challinor et al. 2014). 38 
At the global scale, Zabel et al (2014) identified the climate change impact on geographic distribution for 39 
several crops, including rice. They projected that an area of 6.4 million km² would become unsuitable for 40 
agricultural production, and another 4.8 million km² would become marginally suitable for global 41 
agriculture, if adaptation measures are not widely adopted. At regional scale, David Lobell et al (2008) 42 
projected 10% yield reductions in rice in the Andean region in their study of climatic risk for 7 crops in 12 43 
regions of the world.   Based on the ORYZA crop model, Matthews et al (1997) projected yield reductions 44 
as high as 31% in Asia under a scenario where temperatures increase by 4°C temperature.   45 
At national scales, studies of rice and climate change have almost exclusively focused on Asian countries. 46 
Three studies have assessed the impact of climate change on rice in China. Zhang et al (2017) simulated 47 
the migration of rice and maize planting areas in China by analyzing movement of the geographic mean of 48 
rice production under current and future climate scenarios. They project the suitable areas for rice and maize 49 
to shift northward in the future, while the area suitable for irrigated cultivation will gradually increase, 50 
mainly in northwestern and northern China. Ye et al (2015) explored the influence of climate change on 51 
suitable rice cropping areas, rice cropping systems and crop water requirements during the growing season 52 
for historical (1951 - 2010) and future (2011 - 2100) time periods in China. Their results showed that the 53 
land areas suitable for rice cropping systems shifted northward and westward from 1951 to 2010.  Yao 54 
(2007) estimates large rice yield reductions in China, based on the CERES crop model.  55 
Paul Teng et al (2016) estimated rice yield reductions of 23%, 32% and 33% in Vietnam, Thailand and 56 
India, respectively. In one study of India, Auffhamer et al. (2012) show that climate change has already 57 
affected millions of rice producers and consumers and will continue to do so in the future. Only one study 58 
estimated that there would be yield increases for irrigated rice in India in the future (Aggarwal and Mall 59 
2002). Reilly et al (2003) estimate large yield reductions in the southernmost rice producing regions of the 60 
United States.  61 
The review of studies above shows the lack of research on the impacts of climate change on rice in Latin 62 
America.  Colombia lacks a study of this type, despite the importance of rice in the diet and expectations 63 
for significant climate change. This study – the first analysis of its type for a Latin American country – fills 64 
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a gap in research on climate change by analyzing expected impact on rice production in Colombia.  65 
Colombian farmers cultivated 570,802 ha of rice in 2016, producing 5.7 million tons. Current production 66 
represents an increase compared to the previous two rice censuses, when national production was 2.8 67 
million tons on 493,237 ha in 1999 and 2.5 million tons on 400,451 ha in 2007 (FEDEARROZ 2008; 68 
FEDEARROZ 2016). Average yields rose from 5.7 tons ha-1 in 1999 to 6.2 tons ha-1 in 2007, falling back 69 
to 5.7 tons ha-1 in 2016 (FEDEARROZ 2008; FEDEARROZ, 2016). Nevertheless, Colombia remains 70 
among the Latin American countries with the lowest yields, lower than countries such as Peru (7.3 tons ha-71 
1) and Uruguay (7.1 tons ha-1), among others (GRISP 2013). Low yields and increases in per capita rice 72 
consumption led Colombia to import rice from countries such as Ecuador, Peru and the United States 73 
(DANE 2015; Pulver et al. 2008; Espinal et al. 2005; Tilman and Clark 2014). The increasing dependence 74 
on rice imports poses important challenges to Colombian food security, particularly in the context of climate 75 
variability and climate change (Porter et al. 2014; GFS 2015). 76 
 77 
Concerns about food security in Colombia raise the question of how climate change might affect national 78 
rice production into the future. Future rice production in the country will be determined by where the crop 79 
can be grown and by productivity at any given place. However, the government and private sector lack 80 
information on  projected climate change impacts, limiting their ability to adapt. Existing studies consider 81 
the impacts of climate change on rice and other crops at global or regional level. But these studies lack the 82 
spatial resolution needed to assess conditions within a climatically diverse country such as Colombia (Zabel 83 
et al. 2014; Ramankutty et al, 2002; Lane and Jarvis 2007). Global and regional studies also suffer from 84 
lack of detail with respect to national level databases on crop distribution and crop response to climate. The 85 
two national studies in China mentioned above occur where production can move to higher latitudes.  86 
Colombian rice production can move to higher altitudes but not to latitudes outside of the tropical zone.  87 
This paper estimates the impact of climate change on irrigated rice distribution in Colombia. The study asks 88 
where irrigated rice crops will be grown (shifts in geographic areas) in the future. Our method maps and 89 
compares the current and expected future (2040–2069) rice suitability. The study projects future climatic 90 
conditions for rice to understand suitability for any given area in the future. This research is the first detailed 91 
study on rice with national coverage for Colombia.  While our analysis and recommendations are specific 92 
to rice at Colombia, the concept and methodology are relevant and applicable to other crops in other regions. 93 
Our methodological approach shows how to explore the need for adaptation where planning requires a 94 
national or local response to rural development under climate change.  95 
The following section describes Colombia’s major rice growing regions and production systems, the 96 
relevant variables considered in the analysis and the development of habitat suitability models. Next, the 97 
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results section shows modeled outcomes for the current period and in the future. The analysis explores 98 
variable-specific response curves to infer how rice responds to key environmental changes. These results 99 
are discussed in the context of adaptation needs in the rice sector and potential strategies for adapting to 100 
changing climate. We also present results of models based on climate variables alone, and those based on 101 
added socioeconomic variables. This comparison allows us to evaluate whether socioeconomic variables 102 
influence the spatial distribution of rice in Colombia. If so, then future projections based on biophysical 103 
variables alone may neglect farmer’s ability to shift production. Finally, the paper discusses needs for 104 
improved methods and for future research on climate change impacts and adaptation.  105 
 106 
2. Materials and methods 107 
2.1. Study area 108 
The study area coincides with rice regions of Colombia according to the National Rice Federation’s 109 
(FEDEARROZ for its abbreviation in Spanish) 2007 rice census (FEDEARROZ 2008). FEDEARROZ 110 
defines the five major rice regions as the Eastern Plains, the Central Region, the North Coast, the Santander 111 
region and the Lower Cauca (Figure 1; Appendix A1 shows the names of Colombian departments in each 112 
region). The modeling work excluded national parks, national protected areas and private nature reserves.  113 
 114 
Figure 1. The five rice regions of Colombia – Lower Cauca, Santander region, North Coast, Eastern 115 
Plains and Center region – and the location of presence data used for modeling irrigated rice (black 116 
triangles). Also shown are protected areas (RUNAP), nature reserves (RNSC) and national parks (PNN). 117 
2.2. Presence and absence data used for modeling 118 
The analysis employs a database of 359 locations of irrigated rice on farms, from a 2014 FEDEARROZ 119 
phytosanitary monitoring exercise across the five rice regions of Colombia (Figure 1).  The presence points 120 
were overlaid on a map of the rice regions and validated using Street View photos in Google Earth. The 121 
method eliminated all points within 1 km of each other in order to reduce spatial autocorrelation. The 122 
analysis developed a randomly generated dataset of pseudo-absence locations to characterize the 123 
“background” environment of the study area. These are places where the model assumes there is no rice, 124 
providing a point of comparison with known locations of the crop.  A ratio of 10 to 1 of pseudo-absence 125 
locations to presence locations was used to reduce excess adjustment bias (over-fitting) and to maintain the 126 





2.3. Environmental data 130 
Our study selected variables for inferring suitability based on literature review and consultation with experts 131 
(Table 1).  The WorldClim dataset provided the basis for including a range of climatic variables in the 132 
analysis (Hijmans et al. 2005, current climate data available from http://www.worldclim.org). WorldClim 133 
is a collection of raster datasets reporting monthly climatic averages for the period 1950 to 2000 for total 134 
precipitation and for maximum, minimum and mean temperature. Meteorological station data forms the 135 
basis of WorldClim climate surfaces, developed using the surface  thin plate spline method, with elevation, 136 
longitude and latitude as co-variables. These variables describe climatological mean temperature and 137 
precipitation characteristics over 12 months of the year. Other studies found these variables to be useful for 138 
characterizing the geographic distribution of species in natural (Warren et al. 2013) and managed systems 139 
(Laderach et al. 2016). From these monthly climate surfaces, the WorldClim data set includes 19 140 
bioclimatic variables (Table 1). The Climate Change and Agricultural Food Security (CCAFS) website 141 
provided future bioclimatic data downscaled from IPCC general circulation models (GCM) from the fifth 142 
report of the IPCC (IPCC 2013, future climate projections available from http://www.ccafs-143 
climate.org/data_spatial_downscaling/).     144 
The method derives Eelevation and slope data variables were derived from the Shuttle Radar Topography 145 
Mission (SRTM) data at 90 m resolution (Jarvis et al. 2004). The elevation and slope data were resampled 146 
to 1 km spatial resolution for consistency with WorldClim and soil grids. The International Soil Reference 147 
and Information Center (ISRIC) provides soil texture information in raster format, also at 30 arc second 148 
spatial resolution (available from http://www.soilgrids.org; Hengl et al. 2014). These data include 149 
percentage content of clay, silt and sand at depth. The analysis applied 28 variables compiled from the 150 
datasets described above, of which 23 describe climatic conditions. : 19 variables describe the standard 151 
bioclimatic indices from WorldClim, and four correspond to accumulated precipitation and average 152 




Table 1. Variables used for ecological niche modeling of irrigated rice in Colombia, with variance 157 
inflation factors (VIF) for identifying redundant variables. 158 
Variabl
e 
Variable Name VIF Source*** 
Altitude altitude 59.2 Norman et al., 1995 
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bio 1 Annual Mean Temperature 460.9 
Yoshida 1981, Vargas 
1985 
bio 10 Mean Temperature of Warmest Quarter 134.4 
Yoshida 1981, Vargas 
1985 
bio 11 Mean Temperature of Coldest Quarter 185.1 
Yoshida 1981, Vargas 
1985 
bio 12 Annual Precipitation 385.9 
Yoshida 1981, Vargas 
1985 
bio 13 Precipitation of Wettest Month 85.8 
Yoshida 1981, Vargas 
1985 
bio 14 Precipitation of Driest Month 5.04 
Yoshida 1981, Vargas 
1985 
bio 15 
Precipitation Seasonality (Coefficient of 
Variation) 
16.13 
Yoshida 1981, Vargas 
1985 
bio 16 Precipitation of Wettest Quarter 393.4 
Yoshida 1981, Vargas 
1985 
bio 17 Precipitation of Driest Quarter 15.53 
Yoshida 1981, Vargas 
1985 
bio 18 Precipitation of Warmest Quarter 28.1 
Yoshida 1981, Vargas 
1985 
bio 19 Precipitation of Coldest Quarter 7.8 
Yoshida 1981, Vargas 
1985 
bio 2 
Mean Diurnal Range (Mean of monthly (max 
temp - min temp)) 
336.3 
Yoshida 1981, Vargas 
1985 
bio 3 Isothermality (Bio 2/Bio 7) (* 100) 199.7 
Yoshida 1981, Vargas 
1985 
bio 4 
Temperature Seasonality (standard deviation 
*100) 
4.93 
Yoshida 1981, Vargas 
1985 
bio 5 Max Temperature of Warmest Month 12.3 
Yoshida 1981, Vargas 
1985 
bio 6 Min Temperature of Coldest Month 362.3 
Yoshida 1981, Vargas 
1985 
bio 7 Temperature Annual Range (BIO5-BIO6) 3.16 
Yoshida 1981, Vargas 
1985 
bio 8 Mean Temperature of Wettest Quarter 3.9 
Yoshida 1981, Vargas 
1985 
bio 9 Mean Temperature of Driest Quarter 114 
Yoshida 1981, Vargas 
1985 
clay 3 Clay 1.53 León & Arregoces 1985 
prec 4 5 
6 





Precipitation 8-9-10 7.94 
Grenier, personal 
communication 
sand 3 Sand 184.4 León & Arregoces 1985 
silt 3 Silt 21.27 León & Arregoces 1985 
slope Slope 1.97 León & Arregoces 1985 
temp 4 
5 6 










***This column contains references to sources of information that emphasize the importance of these 159 
variables for rice production. Variables used in modeling are written in bold 160 
 161 
 162 
The analysis used downscaled General Circulation Model (GCM) data from the CMIP5 ensemble 163 
(Appendix 2). The method employs downscaled monthly climate data for 32 GCMs, representing the period 164 
2040–2069 (i.e. 2050s) for the Representative Concentration Pathways (RCP) 8.5 scenario (Taylor et al. 165 
2012). The RCP 8.5 scenario is the closest to our current emissions trajectory, providing the worst-case 166 
scenario where adaptation effort (our interest in this study) is likely to be significant compared to mitigation 167 
(O’Neill et al. 2014). The approach required downscaling GCM data using the delta method, widely used 168 
in climate change impact studies to correct for biases in the climatological averages (Ramirez-Villegas and 169 
Jarvis 2010; Hawkins et al. 2013). The delta method consists of first computing the projected changes in 170 
monthly means of temperature and total precipitation in the 2050s with respect to the historical period for 171 
the GCM data (the “deltas”). Next, we added these downscaled GCM projections to the WorldClim high 172 
resolution data (also see Ramirez and Jarvis 2010). Altogether, the analysis developed the same 19 173 
bioclimatic and four modal variables at 1km spatial resolution for both present and future monthly climate. 174 
2.4. Socio Economic Data 175 
The study included three variables – accessibility, population density and rice production – that in some 176 
respect account for the socioeconomic characteristics of the population. The inclusion of these variables 177 
tests the degree to which socioeconomic characteristics explain the distribution of irrigated rice, or whether 178 
population is intrinsically related to environmental variables. For example, climate and topography may 179 
influence population density because people rarely settle in areas with extreme temperatures or topography. 180 
Therefore, the analysis included socioeconomic variables to understand their impact on the current 181 
distribution of rice suitability. Future suitability modeling excluded socioeconomic variables, which are 182 
difficult to project into the future and beyond the scope of this study. The three socioeconomic variable are 183 
described below: 184 
1.      Accessibility. This map layer shows the estimated travel time in minutes to settlements with 185 
populations of 50,000 people. Irrigated rice development is more likely where farmers have good access to 186 
markets and services that support their operations (Nelson 2008; CIESIN 2016).  187 
2.      Population density. This map layer shows population density in people per square kilometer from the 188 
Global Rural-Urban Mapping Project (GRUMP) available at the Socioeconomic Data and Application 189 
Center (SEDAC) (CIESIN, 2016). The data set incorporates population change information from the 190 
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History Database of the Global Environment (HYDE) (Goldewijk, K et al, 2010), adjusting population 191 
totals to the UN World Population Prospects estimates of each country (CIESIN 2016). The year 2000 data 192 
corresponds with the period of the bioclimatic data. 193 
3.      Rice production. This raster map indicates crop production data at the second order administrative 194 
level, which in this case are Colombian municipalities. A global crop production grid forms the basis for 195 
the data, available from the Earth Stat website (Ramankutty et al. 2008; http://www.earthstat.org/data-196 
download). 197 
2.5. Maxent suitability modeling 198 
The analysis employed the Maxent model to estimate the spatial distribution of rice in Colombia under a 199 
range of different environmental conditions (Phillips et al. 2006). Maxent derives suitability values from a 200 
probability distribution based on known locations and the environmental conditions at these locations. The 201 
probability distribution respects a set of restrictions derived from the presence data expressed as Maxent 202 
function terms of the environmental variables (Phillips and Dudik 2008; Merow et al. 2013). Other studies 203 
show that Maxent performs well in finding optimal species distribution based on limited presence data. The 204 
model also compares favorably to other models that also use presence-only data, such as GARP, Bioclim 205 
and Domain (Hernandez et al. 2006; Stockwell and Peters 1999; Busby 1991; Carpenter et al. 1993).  206 
Routines for statistical analysis are openly available for replication of this study or for adaptation to other 207 
study areas (https://github.com/fabiolexcastro/Rice_ClimateChange). Our research effort developed a 208 
potential distribution model executed in five steps, following the studies of Ramirez-Villegas et al. (2014) 209 
and Bunn et al. (2014):  210 
(1) The first step was to select those variables that were most suitable for modeling. Most ecological niche 211 
modeling methods, including the Maxent model, are sensitive to the number of variables used 212 
(Braunish, 2013; Dormann 2007). The use of a large number of correlated prediction variables in 213 
Maxent can lead to over-fitting and therefore bias the results (Warren and Seifert 2011). In order to 214 
reduce this potential bias, variance inflation factors (VIF) were computed adjusting multiple linear 215 
regression models using each predictor as a response and the rest as explanatory variables (Marquardt 216 
1970). The method eliminates only those variables with a VIF above 10.  Next, a first Maxent model 217 
run used only those variables that contributed more than 2 percent to the explanation of crop 218 
distribution. Variable contribution was evaluated as a function of how they are distributed across 219 
training and testing sites. 220 
(2) In the second step, the training routine used only the most important variables identified in the previous 221 
step and only under the present climate. In this step, the method implements model evaluation by using 222 
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a cross-validation procedure with 25 model iterations, comparing training data making up 75 percent 223 
of locations with test data corresponding to 25 percent of locations (Warren et al. 2013; Ramirez-224 
Villegas et al. 2014). For each iteration, the analysis employed the area under the receiving operating 225 
characteristic curve (AUC), which can be interpreted as a measure of the models’ capacity to 226 
discriminate between presences and absences (Hernandez et al. 2006). Values of AUC less than 0.7 227 
indicate poor models, while those between 0.7 and 0.9 and above 0.9 are moderately useful and 228 
exceptional respectively (Lopez 2014). The analysis employed another evaluation measure, the 229 
Maximum Cohen’s Kappa index (Congalton & Green 2009), evaluating the agreement between 230 
observed and modeled data for 25 models.  231 
(3) The third step was to estimate model uncertainty. We determined the degree of agreement for 25 distinct 232 
models evaluated by cross validation, differentiated by changing the input data and the validation data 233 
for each model.  We also calculated standard deviation to examine the distribution of the results around 234 
the mean, as well as the coefficient of variation to evaluate the degree of homogeneity between 235 
variables.  236 
(4) The fourth step required future projection processing with each of the 32 downscaled GCM projections 237 
for the 2040–2069 under the RCP 8.5 scenario (Appendix 2; Taylor et al. 2012). 238 
(5) The final step was to develop alternative models for evaluating the influence of socioeconomic 239 
variables on present-day rice distribution. This comparison allows us to consider the importance of 240 
socioeconomic variables versus biophysical variables alone to the current rice distribution. If models 241 
with socioeconomic variables are substantially different from those with biophysical variables, then 242 
future projections of rice distribution based on biophysical variables alone would be inappropriate. The 243 
first of these alternative models included the socioeconomic variables accessibility, population density 244 
and rice production. The second model used climatic variables only. Our evaluation of the two models 245 
allows us to understand how inclusion of socioeconomic variables affects the suitability map. 246 
 247 
2.6. Determining suitability areas 248 
This study defined areas as suitable or unsuitable for rice cultivation in Colombia in order to compare 249 
current conditions with future climate. Toward that aim, we defined a probability threshold that 250 
discriminates areas of rice presence or absence. Several methods can be used to make this determination 251 
(Liu et al. 2013). This study used a probability threshold based on the maximum test sensitivity plus 252 
specificity logistic threshold, suggested by Liu et al. (2013). The threshold maximizes the sum of sensitivity 253 
and specificity, which in other words maximizes the number of true negatives and true positives simulated 254 
by the model. This statistic, also known as the Youden index, maximizes the True Skill Statistic, the most 255 
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widely accepted measure of precision in presence and absence data (Liu et al. 2013). Additionally, the 256 
method compares the average suitability by municipality to reported harvested area from the rice census.  257 
A positive and statistically significant relationship between these two values shows their relationship. 258 
2.7. Response profiles 259 
Relationships between environmental conditions and the probability of the presence of a crop are generally 260 
complicated and nonlinear (Zabel et al. 2014). Our method evaluated a variable’s individual contribution 261 
to present and future climate suitability to better understand this complexity. Response profiles were 262 
constructed for individual variables by holding all others constant (Lek et al. 1996). The method consists 263 
of constructing five matrices for each variable of interest. The matrices organize the data into five quintiles 264 
– the minimum values, those in the second quintile, median values, those in the fourth quintile and 265 
maximum values. In each matrix, the value of the variable of interest is divided by the number of equally 266 
sized intervals in the analysis. All other variables in the matrix are held constant. Each matrix is then used 267 
as input to run the Maxent model again, deriving suitability values for each one. The median suitability of 268 
the five matrices of each individual variable is then derived for comparison to the overall rice suitability 269 
model. We repeated the process for each variable in the analysis. The derived data allows us to construct a 270 
curve that shows the relationship between the suitability of each of the individual variables and suitability 271 
for the rice crop overall. 272 
3. Results 273 
3.1. Model structure and performance 274 
Eight variables made a substantial contribution to a model of present climate conditions. The analysis 275 
reduces an initial set of 28 variables to 11 based on VIF values below 10. We eliminated precipitation in 276 
the driest quarter, percent silt in the soil and precipitation of the wettest month because they contributed 277 
little to the model (< 5%). Three of the eight remaining variables explained a substantial part of the 278 
distribution – accumulated precipitation during the months of August, September and October (31 percent), 279 
followed by annual range of temperature (26 percent) and then by average temperature during the wettest 280 
quarter (12.4 percent). Two variables accounted for low yet important levels of variance – precipitation of 281 
the driest month (8.6 percent) and precipitation of the coldest quarter (8.3 percent). The variables that 282 
contributed the least to the model included temperature seasonality (standard deviation of median 283 
temperature for 12 months of the year, 4.4 percent), terrain slope (4.7 percent) and clay content in the soil 284 
(4.9 percent).  285 
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The model performed well in general. The mean value of AUC of the 25 iterations for cross validation was 286 
0.930, with a range of 0.924 to 0.937 (s.d.=0.00098), for the training data. For the test data, the AUC was 287 
0.912, with a range of 0.821 to 0.960 (s.d.=0.034). The variability of AUC was low, especially for the 288 
training data, suggesting the model results are stable. The difference between the average of AUC for the 289 
test data was also very small (~2 percent), implying that overfitting in the model is unlikely (Warren and 290 
Seifert, 2011). Compared to the reference value of 30.1 suggested by Lui et al (2013), the resulting average 291 
index measure of 0.79 shows that the model is skillful in discriminating rice presences from the background.  292 
3.2. Uncertainty in model results 293 
Figure 2 shows model uncertainty according to the coefficient of variation for 25 distinct models under 294 
present climate conditions. Those areas under current cultivation show lower levels of uncertainty, 295 
indicating that the model had a high degree of agreement in the suitable areas. Model uncertainty was also 296 
low in the Cauca and Patia River valleys, areas judged to be suitable but with low cultivation of rice today. 297 
The model showed areas with the highest uncertainty in mountain landscapes, including the major 298 
Cordilleras extending from north to south in Colombia. These latter areas lack rice cultivation because of 299 
inadequate edaphic and climatological conditions. 300 
 301 
 302 
Figure 2. Percentage measure of model uncertainty.  303 
 304 
3.3. Modeling with socioeconomic variables and climate only 305 
Model results differed between models that used (1) climate, soil and slope variables; (2) a model that 306 
included climatic variables, soil, slope, population density, accessibility and rice production and; (3) a 307 
model with climate variables only (Figure 3). 82 percent of the study area showed differences of less than 308 
10 percent between the model that used biophysical variables only and the model that included 309 
socieconomic variables. 16 percent of the study area showed suitability variables that were more than 10 310 
percent less suitable when socioeconomic variables were included, principally located in the eastern part of 311 
the country. These areas in the Amazon and Orinoco regions are extreme in their lack of accessibility and 312 
low population density. Two percent of the study area showed increases in suitability of more than 10 313 
percent when socioeconomic variable were included. This difference occurred around two of the most 314 
important and largest cities in the Orinoco region of Eastern Colombia, Villavicencio and Yopal. The higher 315 
suitability in these areas may reflect the high settlement and infrastructure characteristics around these two 316 
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urban areas.  The results showed few differences between the model with all biophysical variables and the 317 
climate-alone model (Figure 3B), indicating that the climate variables drive the differences in suitability.  318 
 319 
Figure 3. Percentage differences between (A) original model using climate soil and slope variables 320 
versus the same variables plus accessibility, population density and rice production, and (B) original 321 
model using climate, soil and slope variables versus a model that used only climate variables. 322 
 323 
3.4. Bioclimatic data ranges and projected change in the future 324 
The analysis showed a wide range of bioclimatic conditions in Colombia. Temperature seasonality for the 325 
presence data varied from 24 to 97 on a scale of 0 to 100. Annual temperature ranged from 0.95 and 1.5. 326 
Values of temperature of the wettest quarter varied between 1.4°C and 2.8°C. Precipitation during the driest 327 
month varied between two and 131 mm, while values of precipitation during the coldest month ranged 328 
between 138 and 1472 mm. Finally, rainfall during August and September ranged between 207 and 1241 329 
mm.  330 
Differences in individual climate variables reveals projected changes between present and future climate in 331 
each rice region of Colombia (Table 2). Of these climate variables, the precipitation of the coldest quarter 332 
showed a substantial difference, with precipitation during these three months projected to rise by 217 mm 333 
in the Santanderes region, followed by the Central Zone rice growing region where precipitation is expected 334 
to rise by 123 mm. The model projected the greatest temperature increases in the rainy season to take place 335 
in the Santanderes region, followed by the Eastern Plains, the Central Zone and the Lower Cauca rice 336 
growing regions.  337 
Table 2. Changes in climate variables by zone, showing the difference between data for the present and 338 
projections for the future. Temperature seasonality is expressed as dimensionless change. The two 339 
temperature variables (Bio 7 and 8) show the differences in °C. The 3 columns to the right show rainfall 340 
differences in mm.   341 
Zone 
Bio 4 - 
Temperature 
seasonality 
Bio 7 - 
Temperature 
annual range in  
°C  
Bio 8 (°C) - Mean 
temperature of 
wettest quarter  
in  °C  
Bio 14 (mm) - 
Precipitation of 
driest month 
Bio 19 (mm) - 
Precipitation of 
warmest quarter 
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3.5. Rice production in Colombia 344 
Colombia produces nearly 1 million tons of irrigated rice according to the most recent census 345 
(FEDEARROZ, 2017; see Table 3). Production in the Central Zone contributes over 60% of the cultivated 346 
area of irrigated rice in Colombia, about 580,000 tons cultivated on more than 75,000 ha. The second most 347 
important region in terms of area is the Eastern Plains, accounting for about 20% of irrigated rice in 348 
Colombia. The Santanderes and North Coast zones cultivate 15 and 10% respectively of the total irrigated 349 
rice area, while the lower Cauca Valley is responsible for only 3% of national production. 350 
Table 3. Cultivated area, production and yields of irrigated rice in Colombia for the second semester of 351 
2016 (FEDEARROZ, 2016) 352 
Zone 
Area (Ha) Production (Ton) Yield 
(Ton/Ha) ha % contribution Ton % contribution 
Lower 
Cauca 
4100 3 19,961 2.1 4.9 
Central Zone 77,812 53 578,980 60.3 7.4 
North Coast 14,271 10 79,223 8.3 5.6 
Eastern 
Plains 
29,386 20 156,312 16.3 5.3 
Santanderes 21,232 15 126,208 13.1 5.9 





3.6. Current and future suitability of irrigated rice 355 
A key result of this study was the prediction of areas suitable for irrigated rice under current and future 356 
climate (Figure 4A and 4B). The model predicts the most suitable areas for rice cultivation in Colombia 357 
under the current climate (Figure 4A), where scores above 30 percent are suitable and those below 30 358 
percent are unsuitable. The Maxent model estimates that 4.4 million ha in Colombia are currently suitable 359 
for irrigated rice cultivation. As expected, the model projected that two of Colombia’s inter-Andean valleys 360 
are the most suitable for irrigated rice production. The model projects more than one million suitable 361 
hectares in the Magdalena River Valley, at 500 m above sea level in the Central Zone region. A second 362 
region that stands out comprises the Rio Cauca and Rio Patia valleys, at 1000 and 800 m above sea level 363 
respectively with 500,000 suitable hectares. Farmers cultivate very little rice in these latter two valleys, 364 
despite their high suitability for irrigated rice production. In contrast, farmers in the Eastern Plains region 365 
cultivate irrigated rice at an average elevation of 250 m above sea level under moderately adequate 366 
conditions.  Another region with suitable areas for rice production, although to a lesser degree, is the Lower 367 
Cauca River Valley with approximately 300,000 suitable hectares. 368 
Figure 4. Suitability maps for irrigated rice under the present climate, 1950 - 2000 (A) and under the 369 
future scenario for the years 2040 – 2069 (B). 370 
Under future climate, only 1.8 million ha remain suitable; that is, a reduction of about 60 percent compared  371 
to the current period (Figure 4A). Of the 342 sites used as input to the model, 143 sites are suitable for 372 
irrigated rice cultivation in the future, while 216 sites are unsuitable. The reduction in the number of sites 373 
that are suitable for cultivation under current and future climates amounts to an equivalent 60 percent 374 
reduction, thus confirming the physical area estimate. A significant relationship between suitability and 375 
harvested area ( =0.27, p<0.05) confirms that changes in suitability likely imply changes in harvested 376 
areas (Figure 5).  377 
Figure 5. Spearman correlation between estimated suitability and actual irrigated - rice crop area in 124 378 
municipalities in Colombia. ** P value less than 0.001 379 
 380 
Our future projections for rice in Colombia show large reductions in suitability. For the Eastern Plains,  99 381 
percent of the suitable area for rice becomes unsuitable, a reduction of more than one million ha to only 382 
9,200 ha in the future. In contrast, the Central Zone region is expected to lose only 14 percent of its suitable 383 
area, a reduction from 1,928,000 ha in the present to 1,659,000 ha in the future. Model results suggest that 384 
future suitable zones for rice in Colombia will be concentrated principally in the Magdalena, Cauca and 385 
Patia valleys, with an approximate total area of 1.5 million ha (see Figure 6A). The administrative district 386 
in Colombia with the greatest suitability in the future is the municipality of Palmira, with no current rice 387 
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production, but a future projected suitable area of 85,870 ha. Other important areas of expected future 388 
production include the wetlands of Santa Marta and Norte de Santander near the border with Venezuela. 389 
Figure 6. Irrigated rice environments under present climate, classified as suitable if the MaxEnt model 390 
score is above 30 percent and as unsuitable if the Mac sent model is below 30 percent, for the central rice 391 
growing region (A), the lower Cauca region (B), the North rice growing region (C), the Eastern Plains 392 
region (D) and the Santanderes region (E). 393 
 394 
The upper Cauca River valley will continue to be an area with high potential for rice cultivation. The model 395 
projects high suitability for four municipalities in the Valle del Cauca Department. Other important zones 396 
will be in the Cauca Department, where the model projects 160,000 suitable hectares in eight municipalities 397 
(Figure 6A). However, rice is currently grown in only in one municipality in the Cauca department, with 398 
about 300 ha cultivated (FEDEARROZ, 2008).  399 
The model projects future rice suitability in the Lower Cauca valley, the lower Magdalena River Valley, 400 
the Eastern Plains and the Santanderes (Figure 6B, 6C, 6D, and 6E) , although in lesser magnitude compared 401 
to the upper Cauca Valley (Figure 7). Model results predict future rice suitability in four municipalities of 402 
the Lower Cauca valley, comprising 16,200 ha. Farmers in these municipalities today are coffee and banana 403 
producers, with no rice production. Also in the North Coast zone, model results predict that two 404 
municipalities will have 47,000 ha suitable for rice production. Two municipalities in the Atlántico 405 
Department are projected to have 25,800 ha of suitable rice area, one of which has no current rice 406 
production. In the Eastern Plains, only two municipalities are projected to have areas suitable for rice, 407 
encompassing 9,101 ha. Finally, the model predicts 30,600 ha are  suitable in the Santanderes region in the 408 
future.  In that region today, farmers cultivate irrigated rice on 20,034 ha. 409 
Figure 7. Suitability estimates for present and future climates, in hectares for the 10 municipalities with 410 
the greatest area. 411 
 412 
Projected changes in suitability vary across the rice growing regions.  Figure 7 illustrates the changes in 413 
rice suitability in Colombia by subregion. The model projects high future suitability in all bottomland of 414 
the upper Cauca, a region with lower suitability today and less than 2,000 ha of current rice production.  415 
The model projects future suitability for 9,700 suitable ha in the Patia River basin, an area with no rice 416 
today. The analysis predicts future rice suitability in the municipality of Ibague, in Tolima Department and 417 
the upper Magdalena River valley. The model suggests an increase in suitability by 2,600 ha above present-418 
day rice production. 419 
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3.7. Variable profile analysis 420 
Figure 8 displays variable profile response curves for the eight variables considered in the final models (see 421 
Sect. 3.1). These response curves show how suitability changes with changes in the individual variable. 422 
They help discern the causes for the suitability changes described in Sect. 3.3. Irrigated rice suitability 423 
varies little overall in the areas of lowest and highest temperature seasonality, calculated as the standard 424 
deviation of monthly mean temperatures (Figure 8A). Suitability increases as temperature seasonality varies 425 
from the lowest to the higher parts of the distribution, The annual range of temperature shows increasing 426 
suitability with a higher annual range of temperature, up to a value of 13° C where it then levels off (Figure 427 
8B). Rice suitability increases with an associated increase in the mean temperature in the wettest quarter of 428 
the year, with slow increases up to 20°C and more rapid increases thereafter, before leveling off at around 429 
29°C (Figure 8C).  This result likely reflects higher solar radiation impacts on plant growth where 430 
temperatures are higher during the rainy season. 431 
Suitability of irrigated rice cultivation increases with increases in precipitation during the driest month of 432 
the year and during the coldest quarter of the year. These suitability increases  reflect the absence of water 433 
stress (i.e. limits to water withdrawals in irrigation districts) and heat stress at these times (Figure 8D and 434 
8E). The relationship is most likely a simple reflection of the positive impact of greater water availability 435 
on rice growth. Abundance of precipitation for irrigated rice generally favors irrigation district water 436 
availability, thus improving growing conditions. Suitability and precipitation during the rainy months of 437 
August, September and October varies little below 2,000 mm per month of rainfall (Figure 8F). Above 438 
2,000 mm per month, suitability rises rapidly, leveling off near 2,300 mm per month. This relationship 439 
reflects the importance of water availability during the rainy season.   440 
Clay content in the soil also drives rice suitability.  Clay soils are more fertile because they retain water and 441 
nutrients needed for growth, (Figure 8G). The relationship varies more or less linearly between suitability 442 
values of zero and .25, and between clay content values 20 and 40 percent. Although slope contributes only 443 
4.7 percent to explaining suitability, areas of higher slope show greater suitability for rice cultivation  444 
(Figure 8H). This counter-intuitive result may reflect the resolution of the digital slope map, since areas 445 
with high slopes concentrate water in valley bottoms that are good sites for irrigated rice cultivation.  This 446 
source of error may result from the 1 km pixel DEM, which has been resampled from 123 pixels at 90 m 447 
resolution in order to achieve consistency in pixel resolution among data layers. There could be large 448 
variation in these 123 pixels because Colombia topography in much of the country varies greatly over short 449 




Figure 8. Variable profile curves showing how MaxEnt model suitability values vary with individual 452 
factors included in the analysis, including (A) precipitation of the driest month temperature seasonality, 453 
(B) precipitation of the coldest quarter, (C) temperature seasonality, (D) temperature annual range, (E) 454 
mean temperature of wettest quarter, (F) Clay, (G) topographic slope, (H) precipitation Aug-Sep-Oct. 455 
 456 
Most of the variables discussed above show a linear relationship to irrigated rice suitability. However, the 457 
steepness of the profile curves varies. Of the three variables identified as most important in the Maxent 458 
model (Section 3.1), the mean temperature during the wettest quarter has the steepest curve. This result 459 
may reflect solar radiation during the rainy season in these regions. A second important variable is 460 
precipitation during August, September and October – the main rice growing season in Colombia. This 461 
latter variable response emphasizes the critical importance of water availability for irrigation during the 462 
growing season. The third most important variable is annual range of temperature, showing increases in 463 
suitability from 5 to 20 percent with increase in annual range of temperature.  464 
4. Discussion 465 
4.1. Rice distribution patterns and key environmental changes 466 
The current rice distribution in Colombia reflects environmental and socioeconomic conditions for optimal 467 
plant growth and development. The cultivated area and hence production today is below the country’s 468 
potential. Domestic demand in Colombia remains unsatisfied, requiring rice imports. These circumstances 469 
will likely intensify in the future given the projected decreases in rice suitability over the coming decades. 470 
The trend can be changed by both using new varieties and management practices adapted to changing 471 
environmental conditions or by moving production to regions of the country likely to be more suitable. 472 
Nevertheless, the rice sector needs research and development on the most effective cultivars and 473 
management practices. Results presented here indicate favorable rice growing environments of the future 474 
will be concentrated in the Patia River Valley and other parts of the upper Cauca basin, as well as the Santa 475 
Marta lowlands (North Coast). Areas expected to become less favorable include the upper Magdalena River 476 
Valley in the departments of Huila and Tolima (Central Zone), the area adjacent to the Andes Mountains 477 
in the Eastern Plains region, the Lower Cauca valley and the North Coast rice production zones.   478 
The changes in rice suitability may force important changes in livelihoods for different regions in Colombia. 479 
For example, rice cultivation expanded to 58,000 ha in the Eastern Plains region of Colombia. Yet, our 480 
projections suggest that suitability will decrease from 1.2 million ha today to only 9,000 ha in the future. 481 
Pressures from climate change may force growers in this region to adapt to changing circumstances. 482 
Targeting rice production to the right areas may be required. In another example, rice growers could face 483 
conflicts with sugarcane growers in the upper Cauca Valley, the principal area of projected increases in 484 
suitability. Sugar producers already established a foothold on land-use in that region. Indeed, recent 485 
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estimates shows that rice growers earn 1,067 dollars per hectare while sugarcane yields 1,168 dollars per 486 
hectare (Jaramillo 2017; Jurado 2015). This profitability difference of 101 dollars per hectare may explain 487 
why sugarcane is more prevalent. However, the availability of sugarcane processing facilities is likely to 488 
be more important to landowners in deciding to grow sugar cane. Rice growers currently cultivate 1,900 ha 489 
in the upper Cauca Valley, defying this profitability comparison, and likely due to the presence of one 490 
particular rice processing facility that has existed for decades (Lundy 2017). Land-use in the upper Cauca 491 
region would likely be decided by economic rationales that account for the relative merits of producing 492 
domestic rice to avoid imports versus sugarcane profitability in both domestic and export markets, including 493 
alcoholic beverages and ethanol for fuel. Food security considerations will also be important because of the 494 
Colombian government’s stated policy to promote food sovereignty, reducing dependence on imports. 495 
Expected changes in the explanatory variables drive projected changes in the spatial pattern of rice 496 
suitability (Figure 8 and Appendix 3). The model projects accumulated rainfall from August to October to 497 
decline in the northern part of the country and in the Eastern Plains (Appendix 3A). This reduction matches 498 
the areas that are projected to go from suitable under current climate to unsuitable under future climate 499 
(Figure 7, Appendix 3D). These regions could benefit from better water management and crop varieties 500 
resistant to drought (Kumar et al. 2014). In the Central Zone, the model projects rainfall in August, 501 
September and October to increase in the future, maintaining suitability (Figure 8A). Where the annual 502 
range in temperature is maintained or increases in the upper Cauca and Magdalena valleys, irrigated rice 503 
suitability is expected to be maintained in the future (Appendix 2B and Figure 8A). The average temperature 504 
in the wettest quarter increases all over the country.  Nationally, Colombia could adopt rice varieties tolerant 505 
to heat, drawing on international rice improvement efforts (Zhang et al. 2005). Precipitation of the driest 506 
quarter does not have a strong impact in the rice growing regions. One exception is the Santanderes region, 507 
where precipitation is lower in the driest months and suitability decreases in the future.  Precipitation in the 508 
coldest quarter overall is reduced, but especially in the north, fitting with the overall national pattern of 509 
reductions in suitability (Appendix 3E and Figure 4). In the Santanderes region, the model projects 510 
seasonality to decrease by 5 to 8 percent, moving from suitable to unsuitable in the future (Appendix 3F 511 
and Figure 8).   512 
Our model results project a future spatial pattern of rice suitability in Colombia that differs substantially 513 
from the current pattern. Increases in temperature in the rainy season will likely be a key contributor to 514 
changes in suitability for rice production in Colombia. The upper Magdalena and Cauca valleys illustrate 515 
how different rice growing regions will likely respond to temperature increases. The model projects the 516 
Magdalena valley, at 500 m above sea level and average temperature of 25°C, to remain suitable for rice 517 
production in the future. In contrast, future suitability for rice production increases in the upper Cauca 518 
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Valley regions of the Patia Valley, northern Cauca Department and southern Cauca Valley Department. 519 
These areas lie at nearly 1,000 m above sea level with an average temperature of 23°C. This 2°C difference 520 
in temperature between the two valleys appears to be critical for their responses to climate change. 521 
Our results suggest several possible actions to improve rice adaptation in Colombia. Compared to current 522 
conditions, there may be less rainfall in the rainy season, suggesting the need for better water management 523 
or rice varieties that need less water. The reduction in the annual range of temperature suggests the need 524 
for varieties with high yields despite the lack of cooler nighttime temperatures. Colombian farmers will 525 
need heat tolerant varieties that mitigate against the general rise in temperatures expected in the future. In 526 
some cases farmers may need to transition out of rice production where changes in varieties or changes in 527 
management practices are insufficient to overcome climate change.  528 
 529 
4.2.  Adaptation strategies  530 
Our analysis suggests several different scenarios of adaptation strategies for the future. Farmers should 531 
consider three strategies Iin areas where suitability will decrease in the future. First, farmers can cultivate 532 
rice using varieties tolerant to heat or water stress, cultivars that many breeding programs are continuously 533 
developing (Fukai and Fischer, 2012; Mackill et al., 2012). Second, farmers in these regions can also change 534 
management practices related to irrigation systems and water management, adjusting the practices to micro 535 
climatic conditions at a given site. The Colombian Rice Federation developed a technological package 536 
called AMTEC (Spanish acronym), referring to massive adoption of rice technology (FEDEARROZ 2012). 537 
Widespread adoption of these practices and technologies could lessen the impact of the drivers of reductions 538 
in suitability.  The AMTEC measures include adopting site-specific or precision agriculture and a group of 539 
techniques to optimize the use of seeds, fertilizers and agricultural chemicals. Third, we recommend 540 
conducting research on whichfarmers may  consider planting crops other than rice could be introduced into 541 
these regions under expected future conditions. Another possibility is to cultivate rice using varieties 542 
tolerant to heat or water stress, and with lower water requirements, or other prevailing climate conditions 543 
expected in the future. Farmers in these regions can also change management practices related to irrigation 544 
systems and water management, adjusting the practices to micro climatic conditions at a given site. 545 
 546 
 547 
The analysis suggests that efforts farmers should be made to the increaseaim for sustainabilityle 548 
intensification of rice cultivation  in areas that where rice isare suitable today and are expected to 549 
beprojected as suitable in the future. Farmers should renovate their farms, improve nutrient management, 550 
and manage pests and diseases to increase yields. These favorable regions should also improve their rice 551 
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production infrastructure and value chain. Efforts should be made to sustainably intensify rice production, 552 
improving incomes for farmers and the health of the rice sector in general. These improvements can respond 553 
to new difficulties facing rice production in less favored areas. 554 
 555 
Farmers can improve current practices iIn areas in which where future conditions for rice production are 556 
expected to improve, farmers can continue current practices, improving them to increasinge yields and 557 
sustainability. Efforts should focus on practices and policies that guide sustainable production, reduceing 558 
deterioration of native habitat and provide water environmental services. The expected changes in 559 
individual climate variables described above could be mitigated through improved management, as well as 560 
new rice varieties. The Colombian Rice Federation has developed a technological package called AMTEC 561 
(Spanish acronym), referring to massive adoption of rice technology (FEDEARROZ 2012). Widespread 562 
adoption of these practices and technologies could lessen the impact of the drivers of reductions in 563 
suitability.  The AMTEC measures include adopting site-specific or precision agriculture and a group of 564 
techniques to optimize the use of seeds, fertilizers and agricultural chemicals. 565 
 566 
4.3. Comparison with previous studies 567 
The results of this study compare favorably with the previous global studies on the potential impacts of 568 
climate change on rice production (Ramankutty 2002; Lane and Jarvis 2007; Zabel et al. 2014). While the 569 
Ramankutty et al (2002) study does not specifically focus on rice, it did project suitability losses for northern 570 
South America, including Colombia. Land and Jarvis (2007) also projected similar suitability losses using 571 
the Ecocrop model, although the patterns differ somewhat from those found in this study. Similarly, our 572 
projections agree with projected reductions in suitability from the Zabel et al. (2014) study, despite the use 573 
of different climate scenarios, different modeling methods (diffuse logic versus Maxent) and different 574 
calibration data (general global data versus country-specific). Both studies agree that areas of low or no 575 
suitability correspond to mountainous areas and forested zones. Also, both studies agree on areas of medium 576 
and high suitability, such as the Cauca and Magdalena valleys, the Caribbean coast and the region 577 
surrounding the Santa Marta highlands.  However, the two studies disagree on the suitability of the 578 
Piedmont region at the foot of the Eastern Cordillera, where Zabel et al. (2014) predict medium suitability 579 
and this study predicts low suitability. Calibrated to local conditions, the present study uses much more 580 
detailed information on rice distribution and model inputs.  The two studies also use different time frames 581 
for their analysis. However, both studies conclude that overall rice area suitability will likely decrease in 582 
Colombia. 583 
4.3. Comparison between biophysical-alone and combined biophysical and socioeconomic models 584 
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The original model based on climatic, soils and topographic variables showed very little difference 585 
compared to the model that included accessibility, population density and rice production. This modeling 586 
check gives us confidence that the changes in socioeconomic conditions in the future, which would be 587 
difficult if not impossible to project, are largely independent of the expected extent of future rice suitability. 588 
5. Conclusions and recommendations 589 
The analysis and method used in this study differentiated suitability of current rice production and changes 590 
in suitability into the future. The method permitted the incorporation of a range of climate and soil data. 591 
Our evaluation of the model showed that it performed well, even though data such as solar radiation and 592 
socioeconomic variables were unavailable for the study. The modeling results suggest an overall reduction 593 
in suitability for irrigated rice cultivation in Colombia, Changes in suitability are in general negative in the 594 
lowest lying regions of the country, improving as elevation increases. This result suggests that while large 595 
countries in temperate zones can shift production towards higher latitudes, countries like Colombia may 596 
need to shift production to higher elevations. 597 
Many areas of high suitability show low or no harvested area, limiting the strength of the relationship 598 
between suitability and crop presence. The coincidence of other more profitable crops in areas that are 599 
suitable for irrigated rice may explain this result. For example, the well-established sugarcane industry in 600 
the upper Cauca basin dominates an area that is suitable for rice.  601 
The study suggested that changes in some key climate variables may negatively affect rice production in 602 
Colombia. More detailed future work could use more sophisticated models, such as mechanistic crop 603 
models that could isolate the ways in which environmental stress affects rice plants. These types of models 604 
could be useful for suggesting alternative rice varieties or specific management practices that are best 605 
adapted to changing environmental conditions.  606 
The study suggested several implications for rice production and the rice industry in Colombia. Areas that 607 
are projected to be less suitable for rice may need to switch to other crops or otherwise develop new 608 
livelihood strategies. In other areas where rice production is projected to thrive, land-use changes need to 609 
be considered carefully in the light of sustainability and profitability. Food security and food sovereignty 610 
issues may also be important considerations in land-use planning in these regions. Planning efforts will 611 
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Appendix 1. Rice growing regions of Colombia according to the National Rice Federation, 625 
FEDEARROZ, with corresponding department names. 626 
 627 
 628 
Modeling Center (or Group) Institute ID Model Name 
Commonwealth Scientific and Industrial Research 
Organization (CSIRO) and Bureau of Meteorology 
(BOM), Australia CSIRO-BOM 
ACCESS1.0 ACCESS1.3 




Instituto Nacional de Pesquisas Espaciais (National 
Instituye for Space Research) INPEN 
BESM OA 2.3* 
College of Global Change and Earth System 
Science, Beijing Normal University GCESS 
BNU-ESM 




University of Miami - RSMAS RSMAS CCSM4 (RSMAS)* 
National Center for Atmospheric Research NCAR CCSM4    




Center for Ocean-Land-Atmosphere Studies and 
National Centers for Environmental Prediction COLA and NCEP 
CFSv2-2011 




Centre National de Recherches Meteorologiques / 
Centre Européen de Recherche et Formation 




Commonwealth Scientific and Industrial Research 
Organization in collaboration with Queensland 
Cliamte Change Centre of Excellence CSIRO-QCCCE 
CSIRO-Mk3.6.0 
EC-EARTH consortium EC-EARTH EC-EARTH 
LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences and CESS, Tsinghua 
University LASG-CESS 
FGOALS-g2 
LASG, Institute of Atmospheric Physics, Chinese 
Academy of Sciences LASG-IAP 
FGOALS-gl FGOALS-s2 
The First Institute of Oceanography, SOA, China FIO FIO-ESM 
NASA Global Modeling and Assimilation Office NASA GMAO GEOS-5 





NASA Goddard Institute for Space Studies NASA GISS 
GISS-E2-H GISS-E2-H-CC 
GISS-E2-R GISS-E2-R-CC 
National Institute of Meteorological Research/Korea 
Meteorological Administration NIMR/KMA 
HadGEM2-AO 
Met Office Hadley Centre (additional HadGEM2-








Institute for Numerical Mathematics INM INM-CM4 




Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute (The University of Tokyo), and National 
Institute for Environmental Studies MIROC 
MIROC-ESM MIROC-
ESM-CHEM 
Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 
Environmental Studies, and Japan Agency for 
Marine-Earth Science and Technology MIROC 
MIROC4h MIROC5 
Max-Planck-Institut für Meteorologie (Max Planck 
Institute for Meteorology) MPI-M 
MPI-ESM-MR MPI-ESM-
LR MPI-ESM-P 




Nonhydrostatic Icosahedral Atmospheric Model 
Group NICAM  
NICAM.09 
Norwegian Climate Centre NCC 
NorESM1-M NorESM1-
ME 
Appendix 2. List of 32 global climate models used for projection scenario RCP 8.5. 629 
 630 
Appendix 3. Changes in the key model variables of the analysis between the present climate (1950-2000) 631 
and future climate (2040-2069): accumulated precipitation between August and October (A), annual 632 
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range of temperature (B), mean temperature of the wettest quarter (C), precipitation of the driest month 633 
(D), precipitation of the coldest quarter (E) and temperature seasonality (F). 634 
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